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This work would not have been possible with-
out many people. However, nor will I be able 
to write down many of them here, neither will 
the order ever be right, because how can you 
thank from the top to the bottom of a page, 
when its really a net of people you love and 
care for that surrounds you in all aspects of 
life? 
When I came to Portugal so many years ago, 
I thought I would stay only for some months 
and go back to Germany and who knows... if 
I wouldn’t have met Sara, with her kindness, 
love and happiness, maybe I wouldn’t be here 
anymore. So I want to thank her for being who 
she is, for helping me being a better self and 
for creating a future together with me. 
Then, I wonder, if my family wouldn’t have 
been here with me in Portugal for so many 
years before I came alone, maybe I wouldn’t 
smell home when I come back here after a trip 
abroad. So I want to thank them for being who 
they are, for their unconditional love and help 
and for making me a curious person, as we 
should all be if we want to understand some-
thing about the wonders around us.
But the way that led me here was never straight-
forward, and it will also never be in the future. 
On the diffuse path taken through space and 
time, I had the opportunity and the gift to en-
counter so many great people, of which some 
I have the honour to call my friends. So I want 
to thank all of them for being who they are and 
for dancing, laughing, thinking, playing, plan-
ning and dreaming with me.
Surely, many paths lay in front of all of us, but 
sometimes it takes the right place and the right 
time for you to choose one of the many. Here 
in Lisbon I found this place and I remember 
well, when I first came to the university with 
my Erasmus paper in the hand and no ideia 
what I wanted to do and found that both peo-
ple that would guide, help and support me so 
much were sitting in two offices in the same 
corridor. So I thank my supervisors, that I can 
hope to call my friends as well for being who 
they are and for giving me the freedom I need 
to stay curious while leading me back on track 
when I go astray. 
There is, though, one that needs to be thanked 
above anyone and anything else: life itself. 
Life, which is both the observation of this 
work and the observer himself. And, sadly, in 
a time when people look up to science when 
its useful for them and they dismiss it when its 
in their way, its often life itself that is loosing 
out. We are in a situation of existential crisis, a 
turning point of humanity. And if there is one 
thing we need to understand and care for, it is 
how we can help life to survive, be it only for 
the survival of our own kind. 
This humble work wants to give an infinitely 
small contribution to this understanding, and 
while the wind, the sun, the rain and the green 
garden around us might not care if we know 
or we don’t, maybe knowing something about 
them might help us to be grateful and become 
the gardeners of the world, not their destroyer. 




Alterações antropogénicas dos ciclos biogeo-
químicos, como os do azoto (N) e fósforo (P) 
tal como a dispersão de espécies fora dos seus 
habitas nativos, tornando-as invasoras em al-
guns casos, são alguns dos fatores que mo-
dificam profundamente os ecossistemas e o 
seu funcionamento. Os ecossistemas dunares 
oligotróficos, têm sido particularmente sus-
ceptíveis á instalação de espécies invasoras. 
Uma das espécies invasoras dos sistemas du-
nares mais importante em Portugal é a Acacia 
longifolia; uma espécie leguminosa que tem 
sido considerada um verdadeiro “engenheiro 
do ecossistema”, alterando completamente o 
funcionamento do solo e transformando ecos-
sistemas biodiversos em sistemas monoespe-
cíficos. No entanto algumas das alterações que 
provoca nestes ecossistemas, nomeadamente 
o aumento da quantidade de matéria orgânica 
(MO) no solo, actividade microbiana e a mi-
neralização de P e N, podem até ter um efeito 
positivo no crescimento de espécies nativas 
contíguas. Este impacto no desenvolvimento 
da vegetação nativa só ocorre quando a abun-
dância de A. longifolia é ainda muito baixa, 
nas fases iniciais do processo de invasão. Este 
e outros estudos, levantaram a hipótese de uma 
utilização da biomassa derivada das ações de 
controlo de A. longifolia, quando transforma-
da num “composto verde”, em solos agrícolas 
arenosos pobres, aumentando a MO estável, a 
actividade microbiana, e a capacidade de re-
tenção de água e nutrientes no solo. O trabalho 
aqui reportado pretende mostrar a exequibili-
dade desta visão: os capítulos 2 e 3 usam o 
impacto da A. longifolia nas folhas da espécie 
nativa Corema album como indicador bioló-
gico de alterações ao nível do solo, enquanto 
os capítulos 4 e 5 investigam o compostado da 
biomassa da A. longifolia como corretivo do 
solo para fins agrícolas.
A fase inicial da invasão de dunas primárias 
oligotróficas no sul de Portugal por A. longi-
folia  foi estudada no capítulo 2. Foi medida a 
biomassa das copas de arbustos nativos de C. 
album invadidos e não invadidos, bem como 
a distribuição de matéria orgânica (MO) em 
várias fracções do solo. De acordo com a nos-
sa hipótese, a presença de A. longifolia esta-
ria relacionada com o enriquecimento foliar 
em 15N de  C. album , o qual é interpretado 
como evidência da transferência de azoto fi-
xado pela leguminosa invasora para a planta 
nativa. Nas plantas de C. album invadidas, a 
biomassa das raízes foi maior, tal como a MO 
da fracção limo-argilosa do solo da rizosfera. 
Finalmente, verificou-se que a relação entre a 
MO no compartimento biótico e a MO no solo 
poderia ser um precoce indicador da invasão 
por A. longifolia. 
No capítulo 3 comparou-se a biomassa pre-
sente em vários compartimentos do solo, a 
velocidade potencial dos ciclos de N, C e P 
tal como a estequiometria da MO de uma le-
guminosa nativa (Stauracanthus spectabilis) e 
da A. longifolia. Foi hipotetizado que a legu-
minosa invasora requer menos P por unidade 
de biomassa produzida e exibe maior poten-
cial de aquisição de nutrientes, o que poderia 
alterar a relação N/P do solo rizosférico e da 
biomassa. Em comparação com S. spectabilis, 
as plantas de A. longifolia apresentaram maio-
res copas, maiores níveis de MO no solo sob a 
sua influência e concentrações mais baixas de 
III
P nos seus tecidos. Além disso, a maior con-
centração de N na raiz e o aumento da activi-
dade enzimática na rizosfera das plantas de C. 
album sob a influencia de A. longifolia estive-
ram associados à diminuição da concentração 
foliar de P. Estes resultados mostram que a A. 
longifolia faz um uso mais eficiente do P na 
produção de biomassa enquanto exerce um 
forte impacto na estequiometria N/P do solo e 
do sistema nativo. 
No capítulo 4 avaliou-se o efeito da adição ao 
solo de um compostado somente de biomassa 
de A. longifolia (CO) e de um compostado de 
uma mistura de biomassa e folhada (CL) a um 
solo agrícola arenoso. O efeito foi avaliado na 
determinação das concentrações de nutrientes 
biodisponíveis (N e P) e pH no extracto do 
solo junto com a cinética das enzimas da mes-
ma amostra. Para obter uma resolução tempo-
ral elevada foi explorado um novo método de 
alto rendimento em microplaca na determina-
ção das concentrações de nutrientes e pH no 
extracto do solo junto com a cinética das en-
zimas da mesma amostra. Ambos os tipos de 
compostado, CO e CL, tiveram elevadas taxas 
de nitrificação mas também efeitos benéficos 
na qualidade do solo e imobilizaram N, poten-
cialmente diminuindo a lixiviação de N. Uma 
vez que neste trabalho foram encontrados for-
tes efeitos de interação com P e N disponível, 
é possível prever uma alta capacidade de solu-
bilização de P na folhada de A. longifolia em 
sistemas naturais, e um potencial para libertar 
N imobilizado na MO num ambiente agrícola 
com adição de P.
O uso de compostado da A. longifolia, jun-
to com compostado de resíduos municipais 
(CM) para a produção de milho num ambiente 
urbano foi investigado no capitulo 5. Hipo-
tetizando que as variedades de polinização 
aberta (VPAs) mantêm alto valor nutricional 
em condições de baixa fertilização, um híbri-
do comercial e uma VPA local de milho foram 
cultivadas em solo não fertilizado e com duas 
aplicações de compostado: só CM e um com-
postado de A. longifolia misturado com CM 
para criar um regime de fertilização média. As 
parcelas não fertilizadas exibiram baixa pro-
dução de grãos (1.9 t ha-1), comparado com o 
compostado de A. longifolia/CM (6.1 t ha-1) 
e somente CM (7.8 t ha-1), que são taxas de 
produção comparável ao rendimento de milho 
sob fertilização inorgânica. Portanto, ambas as 
misturas de composto foram eficazes no au-
mento do rendimento de grãos em ambas as 
variedades de milho. Porem, a VPA produziu 
grão com maiores níveis de micronutrientes e 
menos metais pesados, então está mais bem 
adaptada à agricultura urbana sustentável ba-
seada em compostagem. 
Em resumo, a co-limitação de N e P necessita 
de ser considerada na invasão de ecossistemas 
oligotróficos. Além disso, os processos do solo 
precedem os efeitos acima do mesmo, tornan-
do a remoção precoce de plantas jovens im-
perativa para a conservação do ecossistema. A 
biomassa compostada pode ser utilizada com 
segurança como corretivo do solo, com efeitos 
benéficos para vários parâmetros do solo e da 
planta, o que pode estimular a erradicação fu-
tura de povoamentos de A. longifolia.
Acacia longifolia, planta invasora, interação 




Anthropogenic alterations of nutrient cycles 
and the global redistribution of plant species 
have a profound impact on soils and the eco-
systems relying on them. Invasive woody leg-
umes can engineer oligotrophic ecosystems 
towards increased biomass production and nu-
trient turnover. This increased biomass is det-
rimental to native ecosystems, but could also 
be useful as a compost feedstock for agricul-
tural purposes.
The aim of this study was to observe soil 
changes after Acacia longifolia invasion in 
Portuguese dune systems, using Corema al-
bum foliar δ15N as a tracer for invasion impact. 
It provides novel insight into initial invasion of 
nursery shrubs and changes in soil fractions. It 
also relates community-scale aboveground in-
vasion impact with organic matter pools and 
fluxes underneath A. longifolia canopy, com-
pared with the native legume S. spectabilis.
Furthermore, A. longifolia compost was evalu-
ated for the first time as a potential agricultural 
soil amendment. Degradation of this compost 
in soil was observed in controlled conditions 
and its effects on maize growth and kernel 
quality studied in an urban garden setting.
A. longifolia dune invasion increases the silt-
clay fraction, root and rhizosphere biomass. 
Increased soil phosphorus cycling and lower 
tissue phosphorus concentrations create an 
N/P imbalance in the oligotrophic system. 
Co-composted A. longifolia litter/biomass and 
biomass compost alone are increasing soil 
microbial activity. Biomass compost has ben-
eficial effects on maize growth and provides, 
mixed with nutrient-rich compost, maize pro-
ductivity levels comparable to mineral fertili-
zation. Further results show open-pollinated 
maize varieties exhibit increased kernel mi-
cronutrient concentrations under compost fer-
tilization, compared to hybrid maize.
Summarized, N/P co-limitation needs to be 
considered when observing oligotrophic eco-
system invasion. Also, belowground processes 
precede aboveground effects, making early 
removal of young plants imperative for eco-
system conservation. Composted biomass can 
be safely employed as a soil amendment with 
beneficial effects on various soil and plant pa-
rameters, potentially encouraging future erad-
ication.
Acacia longifolia, invasive plant, plant-soil in-
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growing inside its canopy
δ = [(Rsample - Rstandard)/Rstandard] * 1000, where 
R is the ratio between the heavier and lighter 
isotopes
ΣC = β-glucosidase + β-xylosidase + 
β-glucuronidase + cellobiohydrolase
AMF = Arbuscular mycorrhizal fungi
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chipped A. longifolia litter in a 1:10 ratio
CO = A. longifolia biomass compost
EA = Enzymatic activities
ECM = Ectomycorrhiza
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Glu = β-glucuronidase
GWC = Green waste compost
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Km = Measure of enzyme substrate affinity
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MFA = Multiple factor analysis
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VIP = Variable importance in the projection
Vmax = Maximum reaction rate of an enzyme
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Many scientists argue that since the beginning 
of the industrial revolution, a new era for the 
planet has dawned, the Anthropocene. This era 
is marked by human activity inducing funda-
mental changes of the earths biogeochemical 
cycles (Crutzen, 2002) and the biogeographi-
cal dispersion patterns of species (Capinha 
et al., 2015). These alterations are pushing 
several of the earths systems to their bounda-
ries, potentially leading to abrupt changes that 
could be highly detrimental for ecosystems 
and thus human survival on a global scale 
(Rockström et al., 2009). 
1.1.1 Derailing biogeochemical cycles
Among the most impacted biogeochemical 
cycles are the nitrogen (N) (De Vries et al., 
2013) and the phosphous (P) (Carpenter and 
Bennett, 2011) cycles. However, the human 
impact that is exercised on these nutrient cy-
cles is in no way straightforward. While in 
some regions human inputs of N and/or P are 
leading to degradation of natural ecosystems 
via eutrophication, other ecosystems are lack-
ing either one or both of these essential nutri-
ents, therefore being unable to sustain agricul-
tural activities necessary for local populations 
(Carpenter and Bennett, 2011). This situation 
increases the human dilemma of N and P cy-
cling, because the main response to population 
increase is the intensification of agricultural 
production, fuelled by an increment in min-
eral fertilizer input. Based on recent estimates 
(Conijn et al., 2018), this situation is quite 
dramatic, as the planetary boundaries for these 
nutrient cycles have potentially already been 
transgressed in 2010 and will further deterio-
rate drastically without urgent action. Lastly, 
both cycles are also connected to the C cycle, 
for example through greenhouse gas (GHG) 
emissions related to agricultural activities and 
the industrial fixation of N, thus connecting 
biosphere integrity to other crucial planetary 
boundaries, like climate change (Steffen et al., 
2015). 
1.1.2 Disrupting biogeographical 
dispersion of species
The transport of species between continents by 
humans, wittingly as well as unwittingly, has 
led to a great dispersal of species with an ini-
tially local range over the whole globe, lead-
ing some authors to term the Anthropocene 
also as the  “Homogenocene” (Zalasiewicz et 
al., 2018), due to the rapid homogenization 
of many ecosystems worldwide. At present, 
human activity has displaced and naturalized 
around 4 %, of the global vascular flora, which 
is approximately equivalent to the size of the 
European flora (Van Kleunen, et al., 2015). 
When these naturalized plants persist in an 
novel ecosystem, they might simply coexist 
with the native fauna and flora. In some cases, 
however, these exotic species can turn inva-
sive, thus reproducing without further human 
influence, subsequently spreading from their 
introduction sites and further dispersing into 
native surroundings (Richardson et al., 2000). 
While only a small percentage of plants turn 
invasive, they are at the basis of the food web 
and were therefore found to be highly repre-
sented as invasive species with major impact 
(Mollot et al., 2017). Invasive plant species 
can be highly detrimental for the functioning 
1.1 Facets of the dawning Anthropocene
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of ecosystems (Vilà et al., 2011)  and they can 
act as “ecosystem engineers”, fundamentally 
changing the entire system (Crooks, 2002). 
Strong ecosystem engineers are especially 
found within the subgroup of invasive woody 
plants, shrubs and trees, which comprise 21 
species on the 100 world’s worst invasive spe-
cies list (Lowe et al., 2000). The term “ecosys-
tem engineer” is used for organisms that phys-
ically change ecosystems as to modulate the 
resource availability for themselves as well as 
other species. In the context of trees, they do 
so using their own biomass, thus they are so-
called autogenic ecosystem engineers (Jones 
et al., 1994). These autogenic engineers might 
change soil surface layers, thus excluding oth-
er species or accumulate topsoil and increase 
organic matter (OM) and nutrient availability, 
thus benefitting other species. While these are 
effects mediated by aboveground biomass, 
such as litter, their belowground effects can be 
as pervasive, for example by creating a root 
layer that changes nutrient availability, stabi-
lizes the soil and binds sediments (Fei et al, 
2014). These biogeomorphic impacts are a 
point of interaction, where biogeochemical 
and biogeographical effects of human distur-
bance meet at soil level, with profound and 
potentially irreversible impacts for the ecosys-
tem in question.
1.1.3 The soil: crucial realm of 
interaction
When looking at the planetary boundaries 
proposed for a safe human operating space 
(Rockström et al., 2009), it becomes clear 
that in order to understand their real limits, it 
is crucial to decipher the interaction between 
them (Mace et al., 2014). The soil is the most 
important interaction point between biogeo-
chemical and biogeographical effects. Its ca-
pacity to sustain plant growth and maintain 
nutrient cycling is based on the functioning of 
its biotic compartment, also termed the “soil 
health” (Doran and Zeiss, 2000). For invasion 
science, the soil, or rather the soil biota, have 
become an increasing focal point, which is in 
need of significant research attention (Ric-
ciardi et al., 2017). It is known that plant-soil 
interactions and their effects on nutrient cy-
cling are important to understand the impact 
of invasive plants, especially  for N and C cy-
cling (Ehrenfeld, 2003). This was found to be 
particularly the case for woody and N-fixing 
plants, with effects including increased soil 
N-cycling and net primary production (Liao 
et al., 2008). However, the simultaneous in-
crease in N-cycling and biomass production 
by invasive plants has been described as a 
paradox (Rout and Callaway, 2009), as inva-
sive plants often create monospecific vegeta-
tion patches, thus decreasing potential niche 
partitioning for nutrients, which should also 
decrease primary production and nutrient re-
tention (Hooper et al., 2005). A possible ex-
planation for this inverse diversity–productiv-
ity relationship could be positive plant-soil 
interactions exhibited by invasive plants, 
which benefit from the soil biota encountered 
in the novel environments, thus sustaining 
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their monocultural growth (Kulmatiski et al., 
2012). This framework of plant-soil interac-
tions and its relationship with nutrient cycling 
and productivity connects natural sciences, 
such as invasion science, with agricultural sci-
ences (Mariotte et al., 2018) and the cycles of 
some of the most important plant nutrients: N 
and P.  Indeed, while quite some information 
is available about the effects of invasive plants 
on the N-cycle, the information about inter-
action between N and P cycle is still sparse 
(Hu et al., 2019). However, they need to be 
observed together, as for example increased 
N input might lead to a deficit in P (Penuelas 
et al., 2013) and both the N and the P cycle 
are strongly connected at soil level with each 
other as well as with the C cycle (Cleveland 
and Liptzin, 2007). This is due to the require-
ments of the heterotrophic soil microbial com-
munity, which produces extracellular enzymes 
to meet their C demand for energy, while scav-
enging for P and N (Sinsabaugh et al., 2009), 
ultimately driving plant growth. Thus, the ob-
servation of the whole plant-soil system and 
the nutrient exchanges within and between 
them are of crucial importance to understand 
the complex issues connected to the Anthro-
pocene, such as plant invasions and changes 
in biochemical nutrient cycling (deB Richter 
et al., 2015).
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1.2.1 Acacia longifolia: A model plant 
for invasion
Among the invasive woody plants, the ge-
nus Acacia dominates many areas worldwide 
(Richardson and Rejmánek, 2011). Within 
this genus especially the Australian acacias 
are highly invasive, with the highest invasion 
rates (22 of 1020 species are invasive) for any 
large lineage within the legume family (Miller 
et al., 2011). As circa one third of the worlds’ 
land surface is suitable for the growth of Aus-
tralian acacias and many species are commer-
cially important, they make for an excellent 
model group to study the impact of plant in-
vasions on a global scale (Richardson et al., 
2011). One of the species within the Australian 
acacias that is considered “very widespread” 
globally is Acacia longifolia (Richardson and 
Rejmánek, 2011), with particular relevance 
in the Mediterranean climate areas. In Eu-
rope (figure 1.1, middle), it has spread spe-
cifically in southern European coastal dunes 
(Marchante et al., 2015). In Portugal (figure 
1.1, right), this species was deliberately intro-
duced for dune stabilization at the beginning 
of the 20th century and subsequently turned in-
vasive (Marchante et al., 2003), with highly 
detrimental impact for native biodiversity. As 
it exhibits a larger size and higher growth rates 
than the native vegetation, it alters the vegeta-
tion structure (Rascher et al., 2011) and acts 
as an ecosystem engineer (Hellmann et al., 
2011). Apart from physiological traits related 
to biomass production, A. longifolia also ex-
hibits increased resistance to salinity (Morais 
et al., 2012), a large seed bank (Marchante et 
al., 2010) and an overall high phenotypic plas-
ticity (Peperkorn et al., 2005; Máguas et al., 
2011). These traits make its eradication dif-
ficult, as even if the aboveground part of the 
plants are removed, their legacy effects on the 
soil remain, turning the restoration of the orig-
inal ecosystem almost impossible (Marchante 
et al., 2011)
Figure 1.1 A. longifolia native and invasive range.
Left: Native range distribution map of Acacia longifolia adapted from Klock et al., 2016 
Middle: Distribution of Acacia longifolia in its invasive range in Europe adapted from http://www.europe-aliens.org/default.do

















1.2 Acacia longifolia, a successful invader 
in oligotrophic systems
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1.2.2 Oligotrophic dunes: A model 
system for invasion
Acacia longifolia invasion has severe impacts 
on oligotrophic dunes (figure 1.2), which are 
biodiverse and often unique ecosystems that 
are essential for the coastal integrity (March-
ante et al., 2015). Due to human activities in 
the last 100 years, only 25 % of the Medi-
terranean dunes are still in a “natural state” 
(Salman and Strating, 1991). Furthermore, 
as dunes are naturally dynamic, they provide 
ample opportunity for plant invasions (Doody, 
2013), putting the remaining intact dunes at 
risk. Interestingly, oligotrophic systems were 
long considered to be less prone to invasion, 
which is an assumption challenged in the last 
decades (Funk and Vitousek, 2007). The inva-
sion of oligotrophic ecosystems by A. longifo-
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Figure 1.2 A. longifolia invasion in the dune system, known effects.
Known effects of A. longifolia on the dune system, separated into above- and 
belowground effects, as well as in “Initial invasion stage”, “Community-scale 
impact” and “Long term invasion impact”. A non-exhaustive literature review in-
dicated  medium to long-term impact are well studied, while no information was 
found on initial invasion stages.
Fluxes: RES = basal respiration; Gla = β-glucosaminidase; Nit = nitrification
Pools: SOM = soil organic matter; SOC = soil organic carbon; SON = soil organic 
nitrogen; MIC = microbial biomass; Ninorg = NO3- and NH4
+; 
[1]Rascher et al., 2012; [2]Marchante et al., 2010; [3]Große-Stoltenberg et al., 2018; 
[4]Marchante et al., 2008b; [5]Hellmann et al., 2016; [6]Hellmann et al., 2011; 
[7]Peperkorn, 2005; [8]Marchante et al., 2008a; [9]Marchante et al., 2007   
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lia is probably related to its capacity to fix N 
and its high resource use efficiency (Werner 
et al., 2010), which translates into continu-
ous growth and increased ecosystem primary 
production, thus turning shrubland into forest 
(Große-Stoltenberg et al., 2018). Even though 
A. longifolia ultimately dominates the ecosys-
tem, there is a period in which its presence is 
beneficial for the native dune vegetation, as 
was found for a native shrub (Corema album) 
in the Portuguese dunes (Hellmann et al., 
2011). C. album exhibits increased foliar N 
and higher growth rates when growing closer 
to A. longifolia, which is an effect surpassing 
its canopy (Rascher et al., 2012). However, 
while various hypothesis were put forward as 
to the origin of this paradoxically positive ef-
fect, such as N input from accumulated  lit-
ter or mass flow of fixed N to the surrounding 
vegetation, the mechanism of this N effect and 
when it starts to occur during invasion are not 
clear.
1.2.3 The invaders’ impact on the soil: 
Organic matter pools
In order to elucidate the effects of A. longifo-
lia on the dunes, belowground changes require 
special attention, as they often predate above-
ground effects (Vila et al., 2011).  A. longifolia 
exhibits extensive litter fall, and litter layers 
continuously thicken the longer the invasion is 
taking place (Marchante et al., 2008b). Also, 
root mass is known to increase strongly after 
Acacia invasion (Morris et al., 2011), which 
both together increase soil organic C in the 
topmost (ca. 10 cm) soil layer (Marchante et 
al., 2007). Apart from the general biomass in-
crement on soil level, especially soil organic 
matter (SOM) in the topsoil (Hellmann et al., 
2011), as well as total N and microbial biomass 
increase in long term invaded areas (March-
ante et al., 2008b). While these observations 
are important to decipher general effects, it 
is not clear how this OM is distributed in the 
poor sandy soils of the dunes. For example, 
SOM might stabilize in certain soil fractions 
(e.g. the silt-clay fraction) more than in others 
(Six et al., 2002), which is a process occurring 
in other oligotrophic systems upon plant inva-
sion (Schwarz et al., 2016). Also, the rhizos-
phere, an important factor to understand plant 
invasions (Philippot et al., 2013), is likely to 
be a compartment exhibiting increased SOM 
levels, as it is in direct contact with the roots 
and thus more rapidly impacted by the inva-
sive plant.
1.2.4 The invaders’ impact on the soil: 
Microbiota and potential nutrient 
turnover
Not only the impacts of A. longifolia on soil C 
and N pools, but also on the cycling of C and 
N in the invaded dunes have been extensively 
studied and are profound (Marchante et al., 
2007, 2008a, 2008b, 2009). Putative reasons 
for these impacts could be the capacity of A. 
longifolia to create various types of symbiotic 
relationships with microorganisms related to N 
aquisition and nutrient uptake in general. They 
form arbuscular mycorrhiza (Rodríguez-Ech-
everría et al., 2009), as well as ectomycorrhi-
zal symbiosis (Martin et al., 2002) and nodula-
tion with both Rhizobium and Bradyrhizobium 
species (Rodríguez-Echeverría et al., 2007). 
This has lead some authors to propose an “in-
vasional meltdown” of A. longifolia, which 
describes the co-introduction of symbiotic mi-
croorganisms from its home range (Rodríguez-
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Echeverría, 2010). However, while there are 
indications of homogenization and adaptation 
of the soil microbial community to the pres-
ence of A. longifolia, its initial establishment 
also requires effective nodulation with the 
microorganisms already present (Le Roux et 
al., 2018). In any case, many effects related 
to A. longifolia invasion are connected to 
changes in nutrient fluxes such as increased 
β-glucosaminidase activity (Marchante et al., 
2004; 2008b; 2009), basal respiration (2008b) 
as well as potential nitrification (Marchante et 
al., 2007; 2008b) and changes in catabolic di-
versity (Marchante et al., 2008a). Thus, apart 
from the microbial diversity itself, an impor-
tant tool to quantify and understand soil nu-
trient cycling is the analysis of extracellular 
enzyme activities (EEAs), which are mediat-
ing the degradation of complex organic matter 
into assimilable subunits such as amino acids, 
anorganic ions or sugars (Caldwell, 2005). 
Therefore, using EEA profiles can provide 
crucial data about the functional adaptation of 
microorganisms in the rhizosphere and on the 
root surface (Pritsch et al., 2009). Of the many 
possible extracellular enzymes that can be 
measured, the most used are β-1,4-glucosidase 
(Glc), β-1,4-N-acetylglucosaminidase (Nag) 
and acid phosphatase (Ap) (Sinsabaugh et al., 
2009), as they can function as proxies for C, N 
and P turnover, respectively. 
1.2.5 The invaders’ impact on the soil: 
Nutrient stoichiometry 
The flux rates between and within biomass 
pools, as well as the soil plant interaction of 
nutrient exchange is heavily reliant on the sto-
ichiometric relationship between N, C and P 
(Manzoni et al., 2010). However, most of the 
work on soil changes after A. longifolia inva-
sion is mainly concerned with the C and the 
N cycles, while the P cycle has been largely 
neglected. Yet, it is very important to under-
stand the former two, as all three cycles are 
tightly connected on soil level through the 
processes of microbial degradation (Sinsa-
baugh et al., 2008). Especially the relationship 
of the N and the P cycle in plant invasion re-
quires further attention (Sardans and Peñuelas, 
2012) and as a prolific N fixer, it is clear that 
A. longifolia will interfere with existing N and 
P relationships in its novel environments. Of 
special importance to understand the cycling 
and ultimately uptake of N and P by plants is 
the rhizosphere (Richardson et al., 2009). For 
Acacia spp., it was recently found that plant 
growth promoting rhizobacteria are overrep-
resented in this compartment (Kamutando et 
al., 2019) and they seem to be especially im-
portant for N and P cycling (Kamutando et al., 
2017). Furthermore, as was found in a recent 
meta-analysis, rhizosphere and litter differen-
tially affect soil biota in plant invasions, which 
urges further research into these compartments 
(Zhang et al., 2019). In summary, as Hulme et 
al., (2013) state, it is crucial to look at pools, 
fluxes and nutrient stoichiometry at the same 
time to understand plant invasions. In the case 
of an ecosystem engineer like A. longifolia in 
an oligotrophic ecosystem, SOM, roots and 
litter mass are the main belowground pools 
that are changing and their fluxes will be de-
termined by N/P stoichiometries and the po-
tential turnover rates as measured using tools 
like EEA analysis.
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1.3.1 Between a rock and a hard 
place: Natural ecosystems, agriculture 
and plant invasion
Plant invasions are not arbitrary in their spacial 
distribution, but rather connected to anthropo-
genic disturbances and regions of human ac-
tivities, such as urban and agricultural areas 
(Chytrý et al., 2009). The Mediterranean Ba-
sin has seen millennia of human interference 
and it is likely that especially woody plants 
will continue to be very problematic invaders 
in this area (Fox, 2012). Furthermore, the ag-
ricultural intensification in the Mediterranean 
region occurring currently is projected to in-
crease plant invasions (Chytrý et al., 2012), 
thus increasing pressure on the adjacent native 
vegetation. At the same time, destruction of 
soil function through intensive farming tech-
niques, such as deep tillage and the abundant 
use of mineral fertilizers leads to losses of 
topsoil, therefore increasing nutrient leaching 
into the surrounding vegetation (Zalidis et al., 
2002). The resulting overabundance of nutri-
ents degrades nutrient-poor ecosystems like 
the Mediterranean directly, for example by 
disconnecting existing plant-soil relationships 








Potential changes by usage of Acacia compost
Vegetation type Interaction
Figure 1.3 Potential benefits of Acacia spp removal from agricultural systems with adjacent native ecosystems. 
In the “current” state, the invasive species have negative impacts on the agricultural systems as well as on the native ecosystems 
by competing for nutrients and space. Also, nutrient leaching from agricultural systems has negative impacts on native eco-
systems. With the removal of Acacia stands, native ecosystems can regrow and the negative impacts of the invasive decreases 
(“Transition”). As the invasive biomass is consequently harvested, negative effects of the invasive plants further decrease and 
if that biomass is then used as soil amendment to increase agricultural soil quality, the negative effects will turn positive, as 
fertilizer and water input can be decreased (“Potential future”).
1.3 From loose-loose to win-win? 
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through alleviating N-limitation  (Dias et al., 
2017), or in other ecosystems, also  by increas-
ing levels of available P (Wassen et al., 2005). 
Native ecosystems are therefore under double 
pressure from both the invasion of invasive 
species as well as from leached nutrients of 
adjacent agricultural plots. Additionally, ex-
cess nutrients might increase plant invasion, 
as they can often benefit the most from high 
resource availability (Catford et al., 2012). 
The current situation thus constitutes a loose-
loose-loose scenario (Figure 1.3) in which na-
tive ecosystems loose as they suffer negative 
impacts from both agriculture and invasive 
species, while for the farmers, invasive spe-
cies are a nuisance, competing with their crops 
for space and requiring control, ultimately 
creating an economic loss. Lastly, agricultural 
practices disturb adjacent ecosystems and de-
grade soil health, increasing nutrient leaching 
and nurturing the invasive plants.
1.3.2 Potential agricultural usage of 
invasive biomass
While the long term impacts of plant invasions 
on native ecosystems are clearly negative, 
they might have more nuanced and differenti-
ated effects on human livelihoods (Shackleton 
et al., 2019). For example, in the case of inva-
sive Acacia, negative impacts can be loss of 
farmland and diminishing crop growth, while 
its usage as firewood or for fencing, as well 
as the shade it provides are regarded as posi-
tive (Ngorima et al., 2019). As Acacia spp. 
are highly problematic invaders in Portugal, 
interest in using them for various purposes is 
growing, mainly in order to alleviate costs re-
lated to their continuous management (Souza-
Alonso et al., 2017). Locally, Acacia can be 
used for perfume production or food, however 
due to the minimal silvicultural input, they are 
especially well suited for C and energy stor-
age, for example as fuelwood (Griffin et al., 
2011). Indeed it was shown that the usage of 
biomass for energy from eradication measures 
can to potentially minimize eradication costs 
in Portugal (Carneiro et al., 2014). While this 
is potentially useful for off-grid energy de-
mands (Griffin et al., 2011) there might be 
also a more immediate use for Acacia biomass 
for agricultural purposes. One recent approach 
is using A. longifolia residues directly as green 
manure in order to fertilize crops and decrease 
weed emergence (Souza-Alonso et al., 2018). 
However, this application, if not well em-
ployed, could lead to a further spread of the 
species through the inadvertent introduction 
of viable seeds from the residues. 
1.3.3 Acacia longifolia green waste 
compost
A potential way to degrade viable seeds and 
diminish phytotoxicity before applying A. 
longifolia biomass as a soil amendment is to 
use its shredded biomass as a feedstock for 
green waste compost (GWC) (Brito et al., 
2013). The resulting GWC has been shown 
to be stable and deemed useful both as a soil 
amendment as well as a horticultural sub-
strate if mixed with other feedstock, such as 
pine bark (Brito et al. 2015a). In subsequent 
tests using pure Acacia compost, produced 
from a mix of A. longifolia and A. melanoxy-
lon residue feedstock, lettuce was found to 
grow similarly well than on commercial pine 
bark compost substrate (Brito et al., 2015b). 
A field scale test of Acacia compost as a soil 
amendment, however, has not been performed 
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yet and is needed to inform local stakehold-
ers, if it is safe to use and has the benefits of 
other GWCs used as soil amendments. In case 
the application of GWC were successful in 
an agricultural setting, the loose-loose-loose 
situation described might turn gradually into 
a situation where Acacia harvest and produc-
tion of GWC leads to decreased pressure on 
the native system and less nutrient leaching 
(Figure 1.3, “Transition”). At a final stage, 
continuous harvesting of Acacia would lead 
to a beneficial situation, where soil quality in-
crease through GWC amendments decreases 
nutrient leaching up to the point where it has 
a negligible effect on surrounding vegetation, 
while natives can reclaim the areas previously 
occupied by Acacia (Figure 1.3, “Potential 
future”). Indeed, the usage of GWC for agri-
cultural purposes is increasingly recognized 
as an important tool to close biomass cycles 
and create a valuable organic soil amendment 
(Reyes-Torres et al., 2018). This was found 
to be especially the case close to peri-urban 
farm land (Eldridge et al., 2018), which is also 
an area under heavy pressure from invasive 
plants (Chytrý et al., 2009). Thus, these areas 
could be good starting points for the applica-
tion of GWC derived from A. longifolia eradi-
cation measures. Apart from the usage of this 
compost per se, however, there should also be 
a consideration as to the agricultural system 
used with this compost. 
While SOM increase induced by compost ad-
dition is beneficial for crop yields in intensive 
agricultural systems (Scotti et al., 2016), in-
creased soil health might be even more im-
portant in organic farming systems, making, 
as an end result, also for healthy food (Reeve 
et al., 2016). In summary, while employing A. 
longifolia GWC in an agricultural setting has 
a good chance of being beneficial, its usage 
should first be studied in a holistic manner, in-
cluding plant and soil health as well as nutri-
tional quality of the crop produced. 
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1.4.1 General overview
The work presented here focuses on the effects 
of the invasive legume A. longifolia on soil nu-
trient cycling and soil organic matter pools. It 
is mainly concerned with the degradation of its 
biomass in the soil and the changes implicated 
with this degradation on the N and P cycles, 
both in natural ecosystems as well as in agri-
cultural settings. The following chapters can 
be divided into two parts: Part one consists of 
chapters 2 and 3, which are concerned with the 
effects of A. longifolia on the surrounding na-
tive vegetation, taking advantage of a known 
system of plant-plant interaction to elucidate 
invasion impact on soil level. Part two is com-
prised of chapters 4 and 5, which describe the 
effect of A. longifolia GWC as a soil amend-
ment for agriculture, starting from its degra-
dation and its impact on the nutrient flux in 
a sandy soil under N fertilization (chapter 4) 
to its usage and effect on maize (Zea mays) 
crops grown in an organic agricultural setting. 
The system of plant-plant interaction used for 
chapters 2 and 3 makes use of the effect of A. 
longifolia on nearby C. album plants, which 
is a native plant that grows abundantly in the 
Portuguese dunes. It is a shrub belonging to 
the Ericaceae family, so it is not capable of N 
fixation itself and as soil organic matter and 
nutrient levels are naturally extremely low in 
the dune systems, the only major sources of N 
are leguminous dune species capable of fixing 
atmospheric N2, such as the invasive tree A. 
longifolia or the sclerophyllous native shrub 
Stauracanthus spectabilis (Hellmann et al., 
2011). As legumes exhibit less depleted tis-
sue δ15N values due to their atmospheric N2 
fixation, foliar δ15N can be used as a tracer for 
plant soil interaction (Unkovich, 2013). This 
makes C. album a good indicator plant for the 
effect of A. longifolia on the N cycle in these 
oligotrophic systems, as it exhibits naturally 
very depleted foliar δ15N values and is very 
abundant in the dunes (Rascher et al., 2011).
As this system was already successfully em-
ployed to describe of plant-plant interactions 
(Hellmann et al., 2011; 2016; Rascher et al., 
2011), chapters 2 and 3 make use of C. album 
foliar δ15N signatures to gain insights into 
plant-soil interactions. While SOM matter 
pools were measured in both chapters, chap-
ter 3 adds a dimension of potential turnover of 
this organic matter by assessing EEAs of vari-
ous compartments. The EEA measurements 
were also performed in chapter 4, in order to 
decipher the impacts of A. longifolia GWC on 
the N and P dynamics in a sandy agricultural 
soil. Finally, chapter 5 explores the usage of 
this GWC on maize yield, expanding the nu-
trients measured from N and P to an ionomic 
analysis, spanning various micro- and macro-
nutrients as well as heavy metals. 
Using this approach, this work describes some 
fundamental aspects of the N/P imbalance 
induced by the addition of biomass from an 
invasive woody legume, while also giving a 
potential future use to this biomass as a soil 
amendment in an agricultural setting.
1.4 General outline and objectives per chapter
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1.4.2 Chapter 2: How to outgrow your 
native neighbour? 
In this chapter a known plant-plant interaction 
model was used to understand SOM changes at 
the initial stages of the invasion. As the exact 
pathway of N distribution into the surround-
ing vegetation is unknown, an experimental 
setup was created that excludes aboveground 
interaction by choosing A. longifolia plants at 
a growth stage that did not allow yet for the 
formation of a litter layer (Figure 1.4). Using 
this situation, the hypothesis of N distribution 
solely via belowground pathways could be ex-
plored. In a first step foliar changes of C. al-
bum known to occur in later stages of invasion 
(increased N,  less depleted δ15N signatures) 
were assessed to show that A. longifolia in-
deed has an effect even in early invasion stag-
es, where the litter layer has not yet developed 
and the autogenic engineering effects are neg-
ligeable. Then, soil samples were taken and 
the changes belowground were analysed in or-
der to find the compartments related with the 
foliar changes observed. Apart from the main 
OM compartments, soil fractions of the sandy 
soil were observed, hypothesising changes in 
the silt-clay fraction as the main fraction for 
SOM stablilisation.
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Figure 1.4 Illustrated summary of chapter 2. 
Depicted are the  localisation of the sampling site (Pinheiro da 
Cruz, Portugal), the experimental setup in the primary dunes, 
as well as the analysis the samples were subjected to. Plots 
were laid out as 10 x 10 m squares containing various C. al-
bum plants and at least one A. longifolia individuum growing 
inside a C. album plant. Plant measurements taken in the field 
were height and canopy size, estimated from two diameters. 
After these measurements, foliar samples were taken and ana-
lysed for C, N and P, as well as stable isotopic ratios of C and 
N. At the same site, soil samples were taken and separated 
into the compartments: Coarse OM, rhizosphere, roots and 
sandy soil. The sandy soil was then further divided by sieving 
into 3 fractions: > 425 µm, > 63 µm, < 63 µm. As the small-
est fraction (< 63 µm) was found to have high OM levels, it 
was further analysed for C, N and P, as well as stable isotopic 
ratios of C and N.
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1.4.3 Chapter 3: N/P imbalance as a 
key driver for the invasion?
This chapter explores the situation of a later 
stage invasion by A. longifolia and uses the 
same model system with C. album foliar N 
and δ15N values as described for chapter 2 in 
order to test differences between native and 
invasive legumes to find differences explain-
ing the invasives species success. In this case, 
a comparative approach was used, with A. 
longifolia as the invasive legume and Staura-
canthus spectabilis as a native legume in or-
der to test which compartments underneath the 
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-Figure 1.5 Illustrated summary of chapter 3. 
Depicted are the localisation of the sampling site (Pinheiro da Cruz, Portugal), the experimental setup in the primary dunes, as 
well as the analysis the samples were subjected to. Three transects were laid out each around 5 invasive A. longifolia and 5 na-
tive S. spectabilis legume shrubs, starting in their respective canopies next to a C. album plant. Canopy sizes and heights of the 
legumes and C. album plants were measured and along each transect, leaves of 5 C. album shrubs were sampled, totalling 15 C. 
album samples per legume. Legume foliage was also sampled, three soil samples per legume were taken and separated into the 
compartments: Litter, rhizosphere, roots and sandy soil. Of these compartments, the rhizosphere, litter and roots were analysed 
for C, N and P, as well as stable isotopic ratios of C and N. The flux rates of these compartments were also measured using 
extracellular enzyme analysis. The enzymes measured were: ΣC = β-glucosidase (Glc) + β-xylosidase (Xyl) + β-glucuronidase 
(Glu) + cellobiohydrolase (Cel); β-1,4-N-acetylglucosaminidase (Nag) and acid phosphatase (Ap)  
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on the N distribution into the surrounding C. 
album vegetation (Figure 1.5). It was hypoth-
esised that both legumes do have an impact on 
C. album foliar N and δ15N, with a more pro-
nounced impact by the invasive legume. Fur-
thermore, the increased N availability could 
putatively induce a systemic N/P imbalance, 
as N can be fixed from the atmosphere, while P 
stocks are in general finite in the soil and espe-
cially scarce in the oligotrophic dunes. In or-
der to test these hypotheses, the changes in C. 
album foliar N and δ15N were modelled using 
a transect-based breakpoint regression method 
and the resulting impact boundaries were used 
to select variables that explain the legume in-
fluence. Underneath the legume canopies, soil 
samples were taken and separated into litter, 
roots, rhizosphere and sandy soil. The OM 
concentrations of each compartment were 
analysed and their C, N and P concentrations 
determined. Additionally, the potential nutri-
ent flux rates of C, N and P were assessed us-
ing fluorogenic artificial substrates to observe 
EEAs of the litter, roots and the rhizosphere. 
Finally, values of both the native as well as 
the invasive legume were pooled together and 
used in a multivariate approach to select for 
the most important variables describing the ef-
fects they have on the surrounding C. album 
vegetation.
1.4.4 Chapter 4: Following the 
degradation of invasive species green 
waste compost in a sandy soil
While chapter 2 and 3 are connected to field 
observations and sampling, chapter 4 is an en-
tirely lab-based approach (Figure 1.6). On the 
premise of earlier works showing the useful-
ness of A. longifolia compost, standing living 
biomass and the litter layer of populations in 
the Odemira region were sampled, as well as 
sandy agricultural soil from an adjacent indus-
trial farming site. The chipped biomass, both 
purely standing biomass (CO treatment), as 
well as biomass mixed with chipped litter in 
a 1:10 ratio (CL treatment), were then com-
posted in medium-scaled custom made biore-
actors, which maintained the temperature in a 
mesophilic phase for 40 days. This treatment 
was applied to kill off the seeds due to the pro-
longed period of elevated temperature and cre-
ate a compost potentially ready for agricultural 
application. Subsequently, both compost types 
were incorporated into the sampled agricultur-
al soil (2 % w/w), packed into open lid boxes 
and incubated at constant soil water content 
for 180 days in laboratory conditions. During 
the experiment, six time points were taken, 
three before and three after the addition of 50 
µg NH4
+ g-1 soil. As this experiment was sup-
posed to mimic soil response to A. longifolia 
GWC amendment in an industrial agricultural 
setting, the ammonium applied corresponded 
to mineral fertilization in a conventional ag-
ricultural range. It was hypothesised that the 
compost applications would increase soil mi-
crobial activity, thus leading to a N immobi-
lization in the compost treatments. Also, if 
N/P imbalance resulting from the increased N 
availability leads the soil microbial communi-
ty to increase P acquisition, the compost treat-
ments could help to unlock bound P. As the 
microbial community in the litter layer below 
A. longifolia should be adapted to the situation 
of N availability and P scarcity, the CL treat-
ment was hypothesised to exhibit higher EEAs 
than the biomass compost (CO), given that the 
microbial community survives composting
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1.4.5 Chapter 5: Sustainable urban 
agriculture using compost and an 
open-pollinated maize variety
The last chapter is concerned with the ap-
plication of A. longifolia GWC in an actual 
agricultural setting. While chapter 4 mimics 
industrial agricultural activities using mineral 
fertilizer, this chapter is based on the premise 
of using GWC with a mix of municipal com-
post (MC) in order to grow maize solely on the 
basis of organic soil amendments, without the 
application of mineral fertilizers (Figure 1.7). 
As this type of organic agriculture is more la-
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Figure 1.6 Illustrated summary of chapter 4. 
Depicted are the localisation of the sampling site (Odemira, Portugal) and the experimental setup. Aboveground plant material 
as well as the litter layer (top 5 cm) were sampled, plant material and litter was then chipped and composted under controlled 
conditions (between 40 and 53°C for 40 days). The biomass was either composted alone (CO) or mixed with litter (1:10) before 
composting (CL). Subsequently, 2 % of the resulting compost was added to an agricultural sandy soil sampled from the same 
site and incubated in the laboratory. Samples were taken at 6 time points, 3 before and 3 after the addition of 50 µg NH4
+ g-1 
and analysed for extracellular enzymes as well as inorganic nutrients found in the soil solution. For the enzymes β-glucosidase 
(Glc), β-1,4-N-acetylglucosaminidase (Nag) and acid phosphatase (Ap) Michaelis-Menten kinetics were assessed, resulting in 
Km as well as Vmax values for each enzyme.
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compost additions, it was tested in an urban 
context, were compost feedstock is more read-
ily available. In this situation however, an io-
nomic profile contemplating micro- and ma-
cronutrients as well as heavy metals of both 
the soil and the grain produced is necessary, 
as in urban and peri-urban farming there is 
a higher potential for heavy metal pollution. 
Indeed,  while MC is nutrient rich, it has the 
drawback of accumulating heavy metals as 
well. GWC addition can be useful in this con-
text as it is nutrient and heavy metal poor and 
thus dilutes potential contaminations upon 
application. Apart from using MC and GWC 
as compost treatments, two different varie-




























































































Figure 1.7: Illustrated summary of chapter 5. 
Depicted are the localisation of the sampling site (Lisbon, Portugal) and the experimental setup. A. longifolia biomass was 
sampled in the region of Odemira, Portugal, chipped and the composted under controlled conditions (between 40 and 53°C 
for 40 days). The produced compost, as well as a municipal compost obtained in Lisbon, were used as a soil amendment and 
treated soil then planted with two varieties of maize: an open pollinated variety (OPV) of maize as well as well as a hybrid 
variety. Before harvest, plant height and ear number were determined. Maize ears as well as soil samples were collected and 
dried. Subsequently, maize kernels and soil were analysed for macro and micronutrient concentrations.
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variety (OPV) sourced from local seeds, as 
well as a commercial hybrid variety. It was 
hypothesised that the OPV is more adapted to 
organic amendments, as it was grown and se-
lected for a long period of time using solely 
organic fertilizers before the advent of large-
scale mineral fertilization. Furthermore, if it 
could be shown to produce comparable yields 
under this type of fertilization regime than a 
commercial hybrid, it is more suitable for ur-
ban small scale agriculture, as its seeds can be 
reused and thus increase food sovereignty of 
local populations. 
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2.1 Abstract
While it is acknowledged that invasive species 
are a global driver of land degradation, their ef-
fects are often only noticed when the invasion 
has been going on for a while. However, early 
stage processes must play a fundamental role 
in plant establishment until invasive plants are 
able to outgrow the native vegetation. In ten 
plots of 100 m2 each, we tested the hypothesis 
that belowground properties are associated 
with early invasion processes aboveground. 
We examined the early stage of invasion by 
a woody legume (Acacia longifolia), growing 
in the canopy of native dune shrubs (Corema 
album) as a model system in oligotrophic pri-
mary dunes in southern Portugal. 
Biomass under canopies of invaded and non-
invaded C. album shrubs as well as organic 
matter (OM) distribution in various soil frac-
tions was measured. In accordance with our 
hypothesis, A. longifolia presence was related 
to increased C. album foliar δ15N, a proxy for 
nitrogen derived from the invasive legume. 
Under invaded canopies, root and rhizosphere 
biomass were higher, as was OM in the silt-
clay fraction. Also, δ15N of the OM in the silt-
clay fraction under invaded canopies was en-
riched, while δ13C was depleted. Finally, we 
found that the ratio between OM in the biotic 
versus soil compartment could be a good early 
indicator for invasion. 
These findings suggest that even when above-
ground invasion pressure on the system is low, 
it is imperative for ecosystem conservation to 
remove young plants, as they might alter soil 
functioning already at an early stage of inva-
sion.
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2.2 Introduction
The introduction of invasive plant species 
into novel habitats leads to the degradation 
of many ecosystems worldwide and poses a 
fundamental challenge to the conservation of 
biodiversity (Simberloff et al., 2013). One of 
the major global gateways for plant invasion 
is the anthropogenic introduction of non-na-
tive plant species for dune stabilization, which 
might then turn invasive over time (Doody, 
2013). However, while some invasive plant 
species can be more efficient in dune stabili-
zation than native plants, reduction in native 
plant biodiversity and abundance will ulti-
mately decrease the resilience of these ecosys-
tems (Charbonneau et al., 2017).
Oligotrophic systems, such as dunes, are very 
vulnerable to plant invasions, for example due 
to resource competition between native and 
invading plant species (Martínez and García-
Franco, 2008). Especially woody legumes 
have strong effects on oligotrophic ecosys-
tems due to their longevity and biomass pro-
duction (Richardson et al., 2014), as well as 
their ability to fix atmospheric nitrogen (N), 
which makes them prolific ecosystem engi-
neers (Rundel et al., 2014). As dunes are natu-
rally characterized by intermediate regular 
disturbance, they are particularly vulnerable 
to the biogeomorphic effects of ecosystem en-
gineers, for example soil fixation by roots and 
soil organic matter (OM) accumulation (Fei et 
al., 2014). Thus, belowground processes play 
a crucial role in the invasion process (Nuñez 
and Dickie, 2014) and plant–soil interactions 
are particularly important in early facilitation 
processes as found in oligotrophic systems 
(Van der Putten et al., 2013). 
Very little is known about the early stage of 
plant invasion with low plant densities (El-
gersma and Ehrenfeld, 2011). An important 
factor to consider in dune systems is facilita-
tion of seedlings by nurse plants (Armas and 
Pugnaire, 2005), and positive plant–plant in-
teractions seem to be more dominant than 
competition at an early stage of these eco-
systems (Martínez and García-Franco, 2008). 
However, the shift from facilitation to compe-
tition is gradual and dependent on the site of 
interaction. For example, it was found that the 
interaction between nursery shrubs and tree 
seedlings might range from facilitation under 
environmental stress to competition in less 
stressful conditions (Muhamed et al., 2013).
In the Portuguese dune systems, one of the 
most prolific invasive species is Acacia longi-
folia, with highly detrimental impacts on na-
tive vegetation and soil (Marchante et al., 
2008). The most severe impacts on invaded 
ecosystems are a strong decline in native spe-
cies richness (Marchante et al., 2015), as well 
as the establishment of an abundant seed bank 
of A. longifolia, accompanied by soil eutrophi-
cation (Marchante et al., 2008). The invasion 
process is presumed to start in the nutrient 
patches developed underneath existing na-
tive vegetation, which act as nursery plants 
(Peperkorn, 2005) and where A. longifolia 
grows more predominant than in the open soil. 
As A. longifolia is highly competitive under 
sufficient nutrient supply, as well as in nutri-
ent poor conditions due to its ability to fix N 
(Werner et al., 2010), it starts to outgrow its 
native nursery plant. 
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Subsequently, the ecosystem engineering 
process continues and changes on soil level 
strengthen invasion (Marchante et al., 2008) 
escalating the invasion further along time 
(Marchante et al., 2015). Medium-term to 
long-term effects on soil functioning include 
changes in carbon (C), N (Marchante et al., 
2008) and phosphorus (P) pools (Ulm et al., 
2017), which are mainly related to altered 
soil catabolism, as well as a thick litter layer 
(Marchante et al., 2008) and increased root 
mass (Morris et al., 2011). These processes 
ultimately shift the primary dune system from 
an open vegetation structure of native shrubs 
to almost exclusive monospecific stands of 
medium-sized A. longifolia trees (Rascher et 
al., 2012).
Interestingly, while the long-term effects of A. 
longifolia on the native vegetation are clearly 
negative, it has been shown that native shrubs 
like the Ericaceae Corema album can initially 
benefit from the increased N availability (Hell-
mann et al., 2011; Rascher et al., 2012). Using 
tracers such as foliar δ15N and δ13C, it has been 
shown that C. album exhibits higher growth 
rates and foliar N content with A. longifolia 
presence (Hellmann et al., 2011). These ef-
fects are exceeding A. longifolia canopy lim-
its (Rascher et al., 2012) and might have sec-
ondary effects on C. album, such as increased 
photosynthetic capacity through better plant 
N nutrition (Hellmann et al., 2016). On the 
longer term, however, A. longifolia dominates 
C. album due to high growth rates and pheno-
typic plasticity, consequently increasing com-
petition for resources like water (Hellmann 
et al., 2016) or P (Ulm et al., 2017). Thus, in 
the invasion process, the coexistence of both 
plants shifts from facilitation of C. album to 
co-facilitation by both A. longifolia and C. al-
bum and culminates in a competition, which 
ultimately ends favourably for the invader.
While the later stages of invasion, co-facilita-
tion and competition, are well studied (Hell-
mann et al., 2011; Marchante et al., 2008, 
2015), the initial phase of invasion, changing 
facilitation to co-facilitation and beginning 
competition, is less clear. Most of the competi-
tive advantage of the invasive species can be 
related to its biomass production, for example 
its litter layer. However, at the beginning of 
the dune invasion, biomass of A. longifolia is 
still very low and no litter layer has yet devel-
oped. Thus, self-facilitation by its own above-
ground biomass is therefore not yet viable. 
The invader nevertheless outgrows its native 
nursery shrub, which, as no invasive above-
ground material is available yet, pinpoints to 
belowground processes being changed by the 
presence of the invasive species. Belowground 
biomass accumulation is a typical process for 
ecosystem engineering plants (Jones et al., 
1996) and apart from roots, also the rhizos-
phere increases underneath large A. longifolia 
specimen (Ulm et al., 2017), as does soil OM 
content (Hellmann et al., 2011). Assessing 
processes occurring in the rhizosphere can be 
crucial to understand plant invasion (Philippot 
et al., 2013), as the rhizosphere is the main site 
for plant-microbe interactions that mediate 
OM turnover rates (Ulm et al., 2017). Also, 
soil OM increase has been shown to be critical 
in invasion, as it creates a positive feedback 
loop between plant and soil (Marchante et al., 
2008), thus exacerbating the invasion process-
es. Not only soil OM pools have been shown 
to be important but also their P concentrations, 
as A. longifolia generates an N/P imbalance in 
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plant biomass over time as it increases N input 
while demanding P for constant growth (Ulm 
et al., 2017). Also, OM might accumulate 
through stabilization in certain soil fractions, 
for example the silt-clay fraction (Six et al., 
2002), which is known to increase after plant 
invasions in other dune-like systems (e.g. salt 
marshes) (Schwarz et al., 2016). However, 
not only the quantity of this fraction but also 
its quality has to be considered, for example 
C:N ratios or δ13C, which can give information 
about turnover and residence times (e.g. Mc-
Claran et al., 2008).
In the work presented here, we first wanted 
to confirm that A. longifolia plants without 
developed litter layer have an effect on C. al-
bum shrubs, using C. album foliar δ15N as an 
ecological tracer. Subsequently, we aimed to 
connect aboveground responses with below-
ground changes, focussing especially on plant 
biomass and soil OM. Due to earlier obser-
vations (Ulm et al., 2017), we expected dif-
ferences in biomass N and P concentrations. 
Furthermore, we postulated differences in 
the silt-clay fraction of the soil under invad-
ed plants as a proxy for stabilized soil OM. 
While we assumed the overall quantity of this 
fraction to be miniscule due to the extremely 
oligotrophic nature of this sand dune system, 
we wanted to explore its potential to indicate 
biomass flows and soil mechanism changes 
during early invasion. Lastly, we explored the 
ratio of belowground plant biomass versus soil 
OM as a proxy for invasion impact.
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2.3.1 Study site and sampling design
Sampling took place from 12 to 28 July 2013 
in the coastal sand dune ecosystem of Pinhei-
ro da Cruz, Portugal (38°15.2′N, 8°45.8′W), 
which is invaded by the non-native legumi-
nous tree Acacia longifolia (Andrews) Willd. 
(Fabaceae). The site is located in the primary 
dunes, which are characterized by poor areno-
sols (FAO classification) and an open vegeta-
tion structure (Rascher et al., 2012), which is 
dominated by Corema album (L.) D. Don (Eri-
caceae), a shrub endemic to the Iberian Penin-
sula. 
Sampling took place in a 10,000 m2 area, us-
ing ten plots of 100 m2 each, laid out random-
ly, but more than 50 m apart and containing 
at least one A. longifolia plant growing inside 
the canopy of a C. album shrub. Already de-
veloped stands or shrubs were not considered, 
as the aim was to analyse plants in a very early 
stage of invasion, for example < 2 m height 
and without any aboveground litter. After 
counting all A. longifolia and C. album plants 
in each plot, their canopy sizes were estimated 
by an ellipsoid and their volumes estimated 
assuming an upper half spheroid shape (4/3 * 
c1 * c2 * π * h * 0.5), following recommenda-
tions for shrubs in arid landscapes by Ludwig 
et al. (1975). Per plot, soil was sampled with a 
metal tube (8.5 cm diameter, 19.5 cm height) 
once within the canopy of a C. album plant 
growing far away (> 5 m) from any A. longi-
folia plant (- Inf) and once within the canopy 
of a C. album plant with an A. longifolia plant 
growing inside its canopy (+ Inf). Bulk sam-
ples were separated into four fractions: sand, 
roots, rhizosphere and large OM particles (> 
2 mm), which were termed coarse OM. The 
sand fraction was removed from the bulk-ag-
glomerated rhizosphere/root in the core and 
sieved through a 2 mm sieve. Rhizosphere was 
separated from roots by gently shaking the ad-
hered particles off the roots and subsequently 
treating them similar to the soil as described in 
Ulm et al. (2017). Parts of all fractions were 
oven-dried at 60°C until constant weight and 
500 mg subsequently ashed in a muffle fur-
nace (600°C, 24 h) to determine OM by the 
loss on ignition method.
2.3.2 Soil fractionation and 
phosphorus determination
One hundred grams of dry, sieved (2 mm) soil 
sample was fractionated by using an automat-
ic vibratory sieve shaker (Fritsch Analysette 
3, Fritsch, Idar-Oberstein, Germany) and two 
sieve sizes: 425 and 63 μm. Resulting frac-
tions were termed > 425, > 63 and < 63 μm. 
The sieving programme used had an interval 
time of 10 s, with 3 min sieving time and an 
amplitude of 3 mm; mean sample recovery 
rate of the procedure was more than 99.84%. 
Subsequently, each fraction was analysed for 
OM and total phosphorus (P). Only the frac-
tion < 63 μm was analysed for % C, % N, δ15N 
and δ13C, as the other fractions, similar to total 
soil OM, were below detection limit (Rascher 
et al., 2012).
For total P of soil and OM, samples were ig-
nited, subsequently acid-extracted (HCl, 1 M) 
and a malachite-green based microscale meth-
od employed as described by D’Angelo et al. 
(2001). The colorimetric method was exe- 
cuted in 250-μl 96-well flat bottom microti-
2.3 Materials and Methods
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ter plates and analysed in a microplate reader 
(Rainbow, Tecan, Männedorf, Switzerland). 
For each single assay, a separate triplicate cali-
bration curve was produced with KH2PO4 as a 
serial dilution in ultrapure water.
2.3.3 Elemental analysis and isotopic 
ratios
Dry samples of foliage and the soil fraction 
< 63 μm were ground to a fine powder in a 
ball mill (Retsch, Haan, Germany). Powder (5 
± 0.2 mg) was weighted into tin capsules and 
analysed at the Stable Isotopes and Instrumen-
tal Analysis Facility of the Centre for Ecol-
ogy, Evolution and Environmental Change, 
University of Lisbon – Portugal. The 13C/12C 
and 15N/14N ratios in the samples were deter-
mined by continuous flow isotope-ratio mass 
spectrometry on an Isoprime (GV, UK) stable 
isotope ratio mass spectrometer coupled to an 
EuroEA (EuroVector, Italy) elemental analys-
er for online sample preparation by Dumas-
combustion. All values are given in δ notation. 
The standards used were International Atomic 
Energy Agency N1 (IAEA-N1) and U.S. Ge-
ological Survey-35 for N isotope ratio and 
IAEA-CH6 and IAEA-CH7 for C isotope ra-
tio; δ15N results were referred to Air and δ13C 
to PeeDee Belemnite. Precision of the isotope 
ratio analysis, calculated by using values from 
6 to 9 replicates of laboratory standard materi-
al interspersed among samples in every batch 
analysis, was ≤ 0.2‰.
2.3.4 Statistical analysis
All tests were performed with the package 
‘stats’ by using R version 3.3.2 (R Core Team, 
2016). Density distribution of plant volume 
was projected using the density() function to 
compute kernel density estimates. Group wise 
comparisons were tested for using the pair-
wise Wilcoxon rank sum test with Holm cor-
rection; if only two groups were compared, 
a simple Wilcoxon rank sum test was used. 
Linear relationships were tested against het-
eroscedasticity by using the Breusch-Pagan 
test (package ‘lmtest’), and the residuals were 
tested for normality using the Shapiro–Wilk 
normality test. Multiple factor analysis (MFA) 
as described by Borcard et al. (2011) was 
used as an exploratory, symmetrical method 
to test for relationships between the differ-
ent variable subsets using the function MFA() 
(package ‘FactoMineR’). MFA is fundamen-
tally a principal component analysis on the 
correlation matrix of each subset, which are 
then weighed and subsequently combined in 
a global principal component analysis. Vari-
ables used were grouped in OM pools (roots, 
rhizosphere, coarse OM and OM of soil frac-
tions: > 425, > 63, < 63 μm), characteristics of 
the soil fraction < 63 μm (N:P ratio, C:N ratio, 
δ15N, δ13C) and foliar characteristics and plant 
size (N:P ratio, C:N ratio, δ15N, δ13C, plant 
volume). RV coefficients were calculated for 
the variable sets used in the MFA, as well as 
on the two variables resulting from the matrix 
of plant OM contribution to total OM and total 
P. RV coefficients are a multivariate version of 
Pearson r2 and thus always positive. RV coef-
ficients were then tested for significance using 
a permutational analysis from the function co-
effRV() (package ‘FactoMineR’).
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2.4 Results
2.4.1  Invasion pattern and 
aboveground plant characteristics
Within the 10,000 m2 covered here, ten young 
A. longifolia plants were found; thus, from 
the 170 C. album specimen examined, 5.88% 
were invaded. The density distribution of 
plant sizes by volume (figure 2.1) showed no 
specific C. album volume that was more prone 
to invasion in this area. This was further tested 
by using a Kolmogorov–Smirnov test, which 
rejected a significant difference between dis-
tributions (nC. album (total) = 170, nC. album (invaded) =  
10, D = 0.282, p- value = 0.438).
The invasive A. longifolia plants studied here 
were marginally higher than the native C. al-
bum shrubs but had smaller canopy sizes, and 
there were no significant differences found be-
tween plant volumes (table 2.1). As A. longifo-
lia was growing within C. album, the addition 
of both plant volumes was used as a conserva-
tive estimate of joined plant size, which does 
not significantly differ from the plant volume 
Figure 2.1 Kernel density estimation of Corema album size, 
expressed in volume (m3). 
The grey spheres show C. album shrubs invaded by Acacia 
longifolia. Distribution was estimated from n = 170 plants, 
with ten plants being invaded. The p-value depicts results 
of a Kolmogorov–Smirnov test for a significant difference 













0 2 4 6 8
pKS-test = 0.438
A. longifolia C. album (- Inv) C. album (+ Inv)
Growth form Height (m) 1.2 (0.2)a 0.7 (0.1)a 0.7 (0.1)a
Canopy (m2) 0.6 (0.1)a 3.5 (1.4)b 3.7 (1.6)ab




δ15N -2 (0.2)a -7.7 (0.6)b -6.1 (0.6)c
δ13C -26.5 (0.5)a -25.8 (0.2)a -25.8 (0.3)a
% N 1.7 (0.2)a 0.6 (0)b 0.7 (0.1)b
% C 48 (0.9)a 53.4 (0.2)b 52.9 (0.3)b
‰ P 0.5 (0.1)a 0.6 (0.1)a 0.6 (0.1)a
C:N 46 (19.3)a 95.3 (3.8)b 81.5 (5.8)b
N:P 37.5 (6.7)a 10.2 (0.9)b 13 (1.8)b
Table 2.1 Differences between growth form and foliar nutrient content as well as stable isotope values of Acacia longifolia, 
invaded (+ Inv) and non-invaded Corema album (- Inv). 
The letters indicate significant differences resulting from a pairwise Wilcoxon rank sum test with Holm correction, with n = 10 
for A. longifolia, n = 10 for C. album (+ Inv) and n = 9 for C. album (- Inv). Significant differences between groups are shown 
in bold.
of non-invaded C. album (Wilcox test, n = 10 
for combined A. longifolia and C. album and n 
= 9 for non-invaded C. album, p = 0.90). Fo-
liar N concentration was ~3-fold higher in the 
invasive plant, while total C was significantly 
lower and C:N ratios were about half of the 
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Figure 2.2 Belowground mass pools underneath non-invaded (- Inv) and invaded (+ Inv) Corema album plants.
(a) The mass balance in dry weight
(b) The mass balance of organic matter (OM) per m2 
(c) The mass balance of total phosphorus (Ptot) per m
2. All these values were measured in the topsoil (20 cm). 
The asterisks highlight significant differences, * = p < 0.05; ** = p < 0.01; *** = p < 0.001 (Wilcoxon rank sum test, n = 10 
for + Inv; n = 9 for - Inv).
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values observed in native C. album shrubs (ta-
ble 2.1). The foliage of A. longifolia exhibited 
the least depleted δ15N values, while foliage of 
non-invaded C. album was significantly more 
depleted and values of invaded C. album were 
in between. While P content is similar in both 
species, A. longifolia exhibited about 3 times 
higher N:P ratios (table 2.1). 
2.4.2 Belowground mass, organic 
matter and P pools in invaded and 
non-invaded C. album
Various belowground changes were found 
between invaded and non-invaded C. album 
plants (figure 2.2). As the soil cores taken had 
a length of 19.5 cm, only topsoil changes were 
observed here. Also, the changes in root mass, 
OM and total P (Ptot) pools were not attributed 
to a singular plant but are rather a mix of both 
A. longifolia and C. album mass. The pres-
ence of A. longifolia plants in the canopy of 
C. album was found to significantly increase 
root mass and OM by a factor of 10, as well 
as Ptot by a factor of 40. There was also a 14-
fold increase of rhizosphere mass and OM un-
der invaded C. album canopies. This signifi-
cantly increased belowground plant biomass 
in invaded canopies in general (5.5-fold), as 
well as plant biomass contribution to total OM 
(2.4-fold) and Ptot (4.9-fold). Also, taking all 
compartments (plant mass and soil fractions) 
together, total OM and Ptot were higher under-
neath invaded plant canopies. Invaded plant 
canopies also showed marginally higher Ptot 
values in the rhizosphere compartment. Ptot 
accumulation under both invaded and non-
invaded canopies was mostly related to root 
(rs = 0.7, p < 0.001, Spearman’s rank correla-
tion) and rhizosphere mass (rs = 0.6, p < 0.01, 
Spearman’s rank correlation), which can also 
be depicted as a ratio between soil P and plant 
P (or OM respectively), where the soil under 
canopies of invaded C. album plants exhibited 
a significantly higher percentage of plant con-
Figure 2.3 Effects of plant-derived OM and P on foliar values and the mass ratio differences in C. album, invaded and non-
invaded by A. longifolia
(a) Effect of plant-derived OM (roots, rhizosphere and coarse OM), expressed as % of contribution to total organic matter, on 
the foliar δ15N of Corema album plants. R2 is result of a Pearson correlation; the dotted lines depict 95% confidence intervals. 
The grey spheres show invaded C. album plants; the white spheres show non-invaded C. album plants. 
(b) Effect of plant phosphorus (roots, rhizosphere and coarse OM), expressed as % of contribution to total phosphorus, on 
the foliar P concentration of Acacia longifolia (black spheres) and invaded C. album plants (grey spheres). R2 is a result of a 
Pearson correlation; the dotted lines depict 95% confidence intervals; the correlation was not significant for C. album plants. 
(c) Mass ratios of plant OM contribution to total OM (left box) and to total P (right box) of C. album plants invaded (grey) and 
non-invaded (white) by A. longifolia. The asterisks highlight significant differences, * = p < 0.05 (Wilcoxon rank sum test, n = 
10 for +Inv; n = 9 for Inv).
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tribution to both total P and OM (figure 2.3) 
In contrast to the soil fractions bigger than 
425 and 63 μm, the smallest soil fraction (< 
63 μm) was also significantly increased under-
neath invaded plant canopies, both in terms of 
total mass and in terms of OM (both 2.3-fold). 
While minuscule in comparison to the other 
soil fractions with 0.1% contribution to total 
weight, OM content in this fraction doubled 
under invaded plants, making up 4% of the to-
tal soil OM.
Apart from changes in the overall plant bio-
mass, also, the contribution of plant-derived 
material (roots, rhizosphere and coarse OM) 
to overall OM (plant-derived OM + OM of 
soil fractions) was significantly different 
(figure 2.3), which was also the case for Ptot. 
These values are percentages as they express 
the relative contribution to total mass in order 
to indicate the OM and P balance in the root-
soil system. The increase of plant OM contri-
bution to total OM was positively correlated 
with C. album foliar δ15N (figure 2.3), which 
is the only variable to change significantly on 
foliar level after A. longifolia invasion (table 
2.1). The increase of plant contribution to to-
tal P in turn was positively correlated with A. 
longifolia foliar P ratios, but not with C. album 







δ15N -0.9 (0.5) -3 (0.7) 0.025
δ13C -27.1 (0.1) -26.4 (0.1) 0.002
% N 0.8 (0.1) 0.7 (0.1) 0.411
% C 22.3 (3.8) 16.1 (2.4) 0.278
‰ P 94.4 (17.1) 98.5 (13.3) 0.72
C:N 25.9 (2.5) 23.8 (1.3) 0.842
N:P 103.4 (16.9) 133.2 (72.2) 0.243
Table 2.2 Nutrient concentrations and isotopic signatures of 
soil fractions < 63 μm of invaded (+ Inv) and non-invaded 
Corema album (- Inv). 
Significant differences (p < 0.05) between groups are shown 
in bold, Wilcoxon rank sum test, n = 10 for C. album (+ Inv) 
and n = 9 for C. album (- Inv).
2.4.3 Nutrient concentrations and 
isotopic signatures of < 63 μm soil 
fraction
As OM content was in general very high in this 
soil fraction (36%, no significant differences 
between species, Wilcoxon Rank Sum test, 
n = 10 for invaded C. album, n = 9 for non-
invaded C. album, p = 0.156), it was possible 
to analyse nutrient concentrations and isotopic 
signatures of this material (table 2.2). While 
no significant differences between plants were 
found for C, N, P or stoichiometric relation-
ship of these nutrients, both δ15N and δ13C of 
the OM in this fraction were significantly dif-
ferent underneath invaded C. album plants in 
comparison to non-invaded C. album plants. 
Similar to foliar values, invasion led to less 
depleted δ15N values of 0.9‰ and therefore 
close to the atmospheric standard. In contrast, 
δ13C values were at 27.1‰ around 0.7‰ more 
depleted underneath invaded C. album plants.
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2.5 Discussion
As assumed in the experimental set up, A. 
longifolia invasion density in this area was 
low and the invasive specimens found were 
at an early stage of development in terms of 
plant volume. There was no preference of A. 
longifolia to invade C. album plants of a cer-
tain volume, which raises the question of how 
seeds arrive and establish in the canopy of C. 
album. If wind dispersal and initial soil nutri-
ent concentration were the most important fac-
tors, canopies of larger C. album plants were 
more likely to be invaded, as there is poten-
tially more OM accumulated (Cushman et al., 
2010). However, wind dispersal is unlikely for 
Acacia species, while animal dispersal by ants 
or birds could be a viable option for seed ar-
rival (Wilson et al., 2011), taking into account 
that also a wide array of animals disperse C. al-
bum seeds (Calvino-Cancela, 2005). While the 
sample size of this experiment was too low to 
conclude more about nursery plant preference, 
the lack of pattern found here emphasizes that 
it is important to conduct further research on 
this topic in order to better understand intro-
duction pathways of A. longifolia seeds. 
Despite this early invasion stage and the com-
plete lack of A. longifolia-derived litter, there 
was already a clear influence of A. longifolia 
on C. album foliar δ15N, which is in line with 
our hypothesis about belowground plant–plant 
interaction. Foliar δ15N is an environmental 
tracer for N fixation of legumes (Högberg, 
1997), and even though there was no effect on 
foliar N concentration yet, less depleted fo- 
liar C. album δ15N values indicate that there is 
an early influence of the invasive legume on 
its nursery plant. It has been shown that the 
effect on foliar δ15N exceeds the effect on fo- 
liar N concentration, because changes in foliar 
δ15N are more easily distinguishable due to the 
extremely low foliar δ15N values of the native 
vegetation (Rascher et al., 2012). As a leg-
ume, foliage of A. longifolia is more enriched 
in δ15N and total N, which creates lower C:N 
ratios than those observed for the native veg-
etation. On the contrary, the N:P ratios were 
much higher in the invasive legume than in the 
native shrub, indicating a strong P limitation 
(Güsewell, 2004). These values corroborate 
earlier findings in the same system and could 
suggest an onset of systemic P depletion (Ulm 
et al., 2017). 
Foliage Soil char. < 63 μm OM pools Mass ratios
Foliage 0.034 0.123 0.006
Soil char. < 63 μm 0.309 0.03 0.042
OM pools 0.262 0.338 0.004
Mass ratios 0.347 0.238 0.348
Table 2.3 RV coefficients of matrices used in Figure 2.4, as well as a matrix of mass ratios (plant contribution to total OM and 
P total) as shown in Figure 2.3. 
On the bottom left corner, RV coefficients are shown; on the top right corner, p-values are shown. If p-values were smaller than 
0.05, values were shown in bold.
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As dunes are often co-limited in N and P, this 
N:P imbalance is highly detrimental to the na-
tive plants on the long term. The alleviation of 
N limitation by the invasive legume benefits 
C. album initially (Hellmann et al., 2011); 
however, this comes with an exacerbation of 
P limitation. This P limitation could mark the 
shift from facilitation to resource competition, 
which is a natural process in the oligotrophic 
dunes (Martínez and García-Franco, 2008), 
where resource use efficiency is crucial for 
successful plant invasion (Funk and Vitousek, 
2007). Indeed, Acacia species are known to be 
very P use efficient (Inagaki and Tange, 2014), 
which, together with their ability to fix atmos-
pheric N, gives them a considerable advantage 
in oligotrophic ecosystems. The native vegeta-
tion, in contrast, is highly adapted to the low 
resource environment and has a more conserv-
ative resource use, which might impede them 
from benefiting as much from additional N as 
the invasive legume (Hellmann et al., 2011).
Belowground, invaded C. album shrubs did 
not differ from non-invaded C. album shrubs 
in terms of levels of coarse OM but exhibited 
increased root and rhizosphere biomass, which 
were the main sources for OM differences in 
invaded C. album plants. The strong increase 
in belowground OM was not proportional to 
the aboveground increase in biomass, indicat-
ing that at an early stage, belowground pa- 
rameters might be more sensitive to invasion 
in contrast to impacts aboveground, which 
supports observations from other invasive 
species that early invasions might develop in 
a non-linear fashion (Elgersma and Ehrenfeld, 
2011). It has been shown that the longer A. 
longifolia invasion persists, the more detri-
mental its belowground impacts are (March-
ante et al., 2008), and the data presented here 
add a further point in this timeline. While P 
and OM increase could benefit both plants 
growing together and the OM shift to the bi-
otic compartment is positively related with the 
effect on C. album foliar δ15N, A. longifolia 
foliar P indicates that it takes more advantage 
of the P accumulation in the biotic compart-
ment. This might be due to its increased root 
mass but could also be due to the rhizosphere 
and the microbial processes therein, as this 
compartment is crucial in P acquisition, for 
example through mycorrhizal fungi (Philippot 
et al., 2013). Changes in microbial community 
structure and soil conditioning by A. longifo-
lia could be highly detrimental to native plant 
interactions, as they might lead to ‘invasional 
meltdown’, which describes the co-introduc-
tion of non-native symbiotic nitrogen-fixing 
bacteria (Rodríguez-Echeverría, 2010). It was 
proposed that the introduction of new soil bio-
ta might potentially disrupt native mutualisms 
and create negative feedback loops; however, 
it seems that similar to C. album also native 
legumes, such as Ulex europaeus and Cytisus 
grandiflorus, benefit from the soil alterations 
by A. longifolia (Rodríguez-Echeverría et al., 
2009). On the other hand, positive interactions 
of these native legumes with soil altered by A. 
longifolia could be a chance for native species 
restoration, as both species were found to be 
suitable for revegetation of sites formerly in-
vaded by A. longifolia (Rodríguez-Echeverría 
et al., 2009).
Apart from differences at plant level, soil un-
der invaded C. album canopies exhibited an 
increase in the silt-clay fraction (< 63 μm). 
This fraction is mainly related to microbially 
stabilized biomass (Grandy and Neff, 2008), 
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and its increase might be of crucial importance 
for further soil OM aggregation (Six et al., 
2002), which is also evident from the high N, 
C and P contents in this fraction. Similar to fo-
liar nutrient values, there were no differences 
in total N, C or P; however, δ15N values and 
δ13C were already altered in invaded canopies, 
which is a further example of the usefulness in 
using stable isotope signatures as early warn-
ing signs of ecological change, such as plant 
invasion (Williams et al., 2007). Less depleted 
soil δ15N was expected due to nitrogen fixa-
tion by A. longifolia, and the values observed 
here were similar to root δ15N values reported 
in earlier works (Ulm et al., 2017), thus high-
lighting them as a potential source. 
Interestingly, also the δ13C values of this com-
partment were significantly depleted under-
neath invaded C. album plants. As this com-
partment must necessarily be relatively recent 
due to small A. longifolia plant volume, δ13C 
depletion due to age effects, such as leach-
ing, is unlikely. More probable is the accu-
mulation of lignin and aliphatic biopolymers 
in this fraction (Creamer et al., 2011) and a 
higher ratio of fungal/bacterial biomass (Kohl 
et al., 2015). An increase in fungal biomass in 
turn could have important long-term effects 
for cross facilitation for other invasive Acacia 
species, as they require mycorrhizal symbi-
onts for P upkeep (Nuñez and Dickie, 2014). 
The difference in δ13C was also highlighted in 
the MFA as an important factor distinguishing 
invaded from non-invaded C. album canopies, 
the latter also being associated with low root 
OM and more depleted foliar δ15N values. In-
terestingly, the clustering of non-invaded C. 
album plant canopies was visible on both the 
first and the second axes, which were related 
to the silt-clay fraction with 40%, stressing 
this compartment a major factor for their char-
acterization. Also, looking at the relationships 
between the variable types, it becomes clear 
that OM pools alone are not related to the fo-
liar changes observed, while both the silt-clay 
fraction and the soil–plant biomass ratios are 
correlating well with all other variables meas-
ured. As these belowground changes often 
go unnoticed but precede the aboveground 
changes observed later in these systems, these 
data add a further argument for the high ‘inva-
sion debt’, a term describing the delay in in-
vasion impact along time, of Acacia species 
(Richardson et al., 2015).
Summarized, it can be stated that A. longifo-
lia exhibits an impact on C. album foliar δ15N 
already at an early invasion phase, accompa-
nied by strong changes belowground, which, 
at least at this stage, are not related to foliar 
litter or coarse OM. At soil level, the differ-
ences were mainly associated with the silt-
clay fraction, which was more abundant with 
the presence of the invader and constitutes an 
important pool of OM. We were able to de-
tect differences in both δ15N and δ13C of the 
OM found in this compartment, underlining 
its putative invasive origin and highlighting 
the importance of further research on this soil 
fraction. Furthermore, we found that roots and 
rhizosphere play fundamental roles early on in 
invasion and that the ratio of OM and P in the 
biotic compartment against the abiotic (soil) 
compartment is an indicator for differences in 
soil parameters in invaded and non-invaded 
C. album canopies. As these differences were 
found in C. album plants without aboveground 
A. longifolia biomass accumulation, it is im-
perative for conservation to tackle A. longi-
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folia invasion early on, before soil changes 
become irreversible. In conclusion, the work 
presented here adds important evidence to un-
derstand the first belowground alterations oc-
curring in the process of A. longifolia invasion, 
which might help to mitigate damages done by 
this prolific invasive species, which continues 
to degrade many ecosystems worldwide.
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3.1 Abstract
Oligotrophic ecosystems, previously consid-
ered to be more resilient to invasive plants, 
are now recognised to be highly vulnerable to 
invasions. In these systems, woody legumes 
show belowground ecosystem engineering 
characteristics that enable invasion, howev-
er, the underlying processes are not well un-
derstood. Using a Portuguese primary dune 
ecosystem as an oligotrophic model system, 
belowground biomass pools, turnover rates 
and stoichiometry of a native (Stauracanthus 
spectabilis) and an invasive legume (Aca-
cia longifolia) were compared and related to 
changes in the foliage of the surrounding na-
tive (Corema album) vegetation.
We hypothesized that the invasive legume 
requires less phosphorus per unit of biomass 
produced and exhibits an enhanced nutrient 
turnover compared to the native vegetation, 
which could drive invasion by inducing a sys-
temic N/P imbalance.
Compared with the native legumes, A. longi-
folia plants had larger canopies, higher SOM 
levels and lower tissue P concentrations. 
These attributes were strongly related to leg-
ume influence as measured by increased foliar 
N content and less depleted δ15N signatures 
in the surrounding C. album vegetation. Fur-
thermore, higher root N concentration and 
increased nutrient turnover in the rhizosphere 
of the invader were associated with depleted 
foliar P in C. album.
Our results emphasize that while A. longifolia 
itself maintains an efficient phosphorus use in 
biomass production, at the same time it exerts 
a strong impact on the N/P balance of the na-
tive system. Moreover, this study highlights 
the engineering of a belowground structure of 
roots and rhizosphere as a crucial driver for in-
vasion, due to its central role in nutrient turn-
over. These findings provide new evidence 
that, under nutrient-limited conditions, con-
sidering co-limitation and nutrient cycling in 
oligotrophic systems is essential to understand 
the engineering character of invasive woody 
legumes.
Chapter 3 - N/P Imbalance as a key driver for the invasion Page 44
3.2 Introduction
Invasive plant species are contributing signifi-
cantly to human-induced global change due to 
their strong impacts on biodiversity and eco-
system functioning (Simberloff et al. 2013). 
However, effects of invasion on soil nutrient 
cycling have long been overlooked and es-
pecially comparison studies of native versus 
invasive species rarely consider belowground 
plant traits (Smith et al. 2014). Thus, soil 
properties and nutrient cycling have become 
major issues in the research of plant invasion 
(Hulme et al. 2013) with particularly the role 
of nitrogen (N) and phosphorus (P) relation-
ships between plant and soil requiring further 
research (Sardans and Peñuelas 2012).
Belowground processes play a crucial role 
for the invasion of woody plants (Nuñez and 
Dickie 2014), which is a group of invasive 
plants receiving increasing attention (Richard-
son and Rejmánek 2011). Woody legumes in 
particular can fundamentally alter ecosystem 
function, e.g. by facilitating succession of tree 
species in their litter and rhizosphere zone 
(Bellingham et al. 2001) or by exerting com-
petitive pressure under non-favourable condi-
tions (Watt et al. 2003).While invasive woody 
legume species are known to be able to pro-
vide N to the ecosystem by symbiotic nitrogen 
fixation (Augusto et al. 2005), this also leads 
to P limitation in nutrient poor ecosystems 
(Augusto et al. 2013). However, even though 
P turnover is a crucial component of ecosys-
tem functions, its relevance for plant invasions 
has rarely been addressed (Ehrenfeld 2010).
Acacia longifolia is a globally “very wide-
spread” (Richardson and Rejmánek 2011) in-
vasive legume and is also termed an “ecosys-
tem engineer” sensu Badano et al. (2010). It 
is also one of the most influential invaders in 
dune systems in several countries worldwide 
(Marchante et al. 2008), which are both eco-
systems with high conservational value and 
excellent model systems for invasion biology, 
as they allow for the observation of engineer-
ing effects of invasive species on ecological 
timescales due to their transitional nature and 
intermediate energy balance (Fei et al. 2014). 
For example, A. longifolia fundamentally 
transforms the oligotrophic dune systems by 
promoting monospecific plant communities 
(Hellmann et al. 2011), profoundly altering 
edaphic conditions, increasing soil organic 
matter (OM) levels (Marchante et al. 2008, 
Hellmann et al. 2011) and creating a positive 
feedback loop between plant and soil (March-
ante et al. 2008). 
The success of the Acacia genus has been 
mainly ascribed to high nutrient use efficien-
cy, its ability fix N, elevated growth rates, 
larger size and a bigger investment in root 
mass, both in terms of deep roots and shallow 
root networks (Morris et al. 2011, Funk 2013). 
Roots in turn have direct effects on the adja-
cent rhizosphere, which is increasingly recog-
nized for its role in ecological engineering and 
exotic plant invasions (Philippot et al. 2013). 
Also, litter mass plays an important role in 
Acacia spp. invasion, due to their high leaf 
turnover rates as well as extensive leaf shed-
ding in stress conditions (Rascher et al. 2012), 
which in the case of A. longifolia leads to the 
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accumulation of a thick litter layer underneath 
the canopy (Marchante et al. 2008). Not only 
OM pool sizes, e.g. root, rhizosphere and lit-
ter mass, but also flux rates, such as litter and 
fine root decomposition, increase in invaded 
ecosystems (Liao et al. 2008). 
Biomass decomposition rates of plant tissues 
strongly depend on the constrained stoichi-
ometry between carbon (C), N and P require-
ments of the microorganisms degrading them 
(Manzoni et al. 2010). While stoichiometric 
ratios of plant tissues can shed light on nutri-
ent limitation (Güsewell 2004), extracellular 
enzyme activities (EEA) are useful measures 
for potential nutrient turnover (Sinsabaugh et 
al. 2009). The enzymatic turnover of N and 
P is tightly coupled to each other as well as 
to C release (Manzoni et al. 2010) and can 
be used as a functional measure of nutrient 
and energy flow (Sinsabaugh et al. 2009). 
Among the most widely assessed activities 
are those of β-1,4-glucosidase (Glc), β-1,4-N-
acetylglucosaminidase (Nag) and acid phos-
phatase (Ap) (Sinsabaugh et al. 2009), which 
are of crucial importance to energy, N and P 
turnover, respectively.
Invasive and native species have effects on 
soil nutrient cycling that can be estimated by 
measuring variables of the surrounding plant 
community, for example leaf stoichiometry 
(Sardans and Peñuelas 2012) or ecological 
tracers such as foliar δ15N (Hellmann et al. 
2011, Rascher et al. 2012). Natural abundance 
δ15N measurements can be used to quantify the 
proportion of N derived from atmospheric N2 
fixation by legumes in plant–soil systems (Un-
kovich 2013) and foliar δ15N is a good proxy 
for soil δ15N, especially under low N avail-
ability (Craine et al. 2009). This approach 
was successfully used in the oligotrophic Por-
tuguese primary dunes, utilizing foliar δ15N 
of the non-leguminous native shrub Corema 
album (Hellmann et al. 2011, Rascher et al. 
2012). Similar to other ericoid mycorrhizal 
plants (Craine et al. 2009), C. album exhibits 
very depleted foliar δ15N values without leg-
ume influence, which, together with its high 
abundance in this system, suggest it to be a 
good monitoring plant for legume influence 
(Rascher et al. 2012). As the invasive A. longi-
folia and Stauracanthus spectabilis, a native, 
sclerophyllous, leguminous shrub are the only 
legumes in this system and the two species co-
occur with C. album in these very oligotrophic 
primary dunes with no further sources of OM 
input, this situation creates a model system 
that is ideally suited to quantify the impact of 
A. longifolia invasion (Rascher et al. 2012). 
It has been shown that C. album plants in close 
proximity of A. longifolia exhibit enhanced 
growth rates, higher foliar N contents and less 
depleted δ15N values (Hellmann et al. 2011), 
these being effects that were not found in the 
proximity of the native S. spectabilis. Because 
A. longifolia will ultimately dominate the in-
vaded ecosystem, these findings are somewhat 
paradox as they indicate that C. album plants 
seem to benefit from the N supply of the inva-
sive legume. However, woody legumes, like 
invasive Acacia species, have a high N and 
P demand (Augusto et al. 2013, Mortimer et 
al. 2013) and as P is mainly released by rock 
weathering, plant growth can further sink-de-
plete the residing P pool (Vitousek et al. 2010).
Following this reasoning, legume influence on 
surrounding C. album plants should cause a 
systemic increase in N availability accompa-
nied by P depletion. It was therefore hypoth-
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esized that A. longifolia, contrary to the native 
legume, creates an N/P imbalance by inducing 
belowground processes that enhance nutrient 
cycling and increase OM underneath its own 
canopy. To test this hypothesis, we quantified 
the mass and stoichiometry of major below-
ground OM pools as well as their potential 
turnover rates for both legumes (native and in-
vasive) and related these variables to changes 
in the native C. album foliar N, δ15N and total 
P of the surrounding vegetation.
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3.3.1 Study site and species 
description
Sampling took place from 21 to 23 May 2012 
in the coastal sand dune ecosystem of Pinheiro 
da Cruz, Portugal (38°15.2′N, 8°45.8′W). The 
site is located in the primary dunes, which are 
characterized by poor arenosols (FAO classi-
fication) and by an open vegetation structure 
(Rascher et al. 2012). The vegetation is domi-
nated by Corema album (Ericaceae), a shrub 
endemic to the Iberian Peninsula and two ni-
trogen fixing leguminous species, the native 
Stauracanthus genistoides, subspecies spect-
abilis which is a sclerophyllous leguminous 
shrub (Barradas et al. 1999) and the invasive 
non-native leguminous tree Acacia longifolia 
(Fabaceae).
3.3.2 Plant sampling design and in 
situ measurements
Samples and measurements were taken under-
neath five S. spectabilis and five A. longifolia 
plants. Plant canopy sizes were estimated as 
ellipses from 2 radii. Underneath each plant, 
three sampling points were randomly select-
ed and litter height was measured on 12 ran-
dom spots around each sampling point. Start-
ing from the sampling points, mature, sunlit 
leaves from 15 C. album plants were sampled 
along three transects (five C. album plants per 
transect) with a mean distance 6 standard error 
of 1.35 ± 0.16 m between each plant (figure 
3.1) and transect lengths of 6.33 ± 1.2 m for S. 
spectabilis and 9.95 ± 0.81 m for A. longifolia.
3.3.3 Soil collection and preparation
At each sampling point, soil was collected 
with a metal tube of 8.5 cm in diameter and 
19.5 cm in height. Subsequently, samples were 
kept at 4°C in airtight plastic bags until analy-
sis. Bulk samples were separated into four 
fractions (sand, rhizosphere, roots and litter). 
The top organic layer of the sample up until 
the onset of the sand layer was removed and 
termed litter. The sand fraction was removed 
from the bulk-agglomerated rhizosphere/root 
in the core and then sieved through a 1-mm 
sieve. Rhizosphere was separated from roots 
by gently shaking the adhered particles off the 
roots and subsequently treating them similar 
to the soil. Parts of all fractions were oven-
dried at 60°C until constant weight and 500 
mg were ashed in a muffle furnace (600°C, 24 






Figure 3.1 Schematic of the experimental setup. 
For each legume, 5 plant canopies were chosen and then 3 
transects laid out, as depicted in the schematic. Along these 
transects, foliage of C. album was sampled, with 5 plants sam-
pled per transect. Thus, the sampling design was nested, with 
transect nested in plant (n = 5 per legume).
3.3 Materials and Methods
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Soil nutrients and pH were analysed in 1:10 
(m/v) soil extracts done from both rhizosphere 
and sand samples in ultrapure water with 30 
min extraction time on a shaker at room tem-
perature. To obtain a clear extract, the resulting 
soil-water suspension was centrifuged (5000 
g, 4°C, 15 min) and finally filtered through 
sterile medical gauze with a pore size of 500 
µm. pH was subsequently analysed in the ex-




– and soluble in-
organic P of soil extracts was quantified by 
colorimetric assays. To determine total phos-
phorus of soil and organic matter, complete 
samples were ignited, followed by acid-ex-
traction (HCl, 1 M) and inorganic phosphorus 
determination. All colorimetric assays were 
done using microscale methods, executed in 
250 ml 96-well flat bottom microtiter plates 
and analysed in a microplate reader. Reaction 
vessels were acid-washed, bleach-washed and 
thoroughly rinsed with distilled water before 
usage. For each single assay a separate tripli-
cate calibration curve was produced with the 
respective salts (KH2PO4, (NH4)2SO4, KNO3) 
as serial dilutions in ultrapure water. Soluble 
inorganic phosphorus was analysed using a 
malachite-green based method described by 
D’Angelo et al. (2001). Organic phosphorous 
in soil and rhizosphere was subsequently cal-
culated from inorganic and total phosphorous. 
NH4
+ was analysed using a modified Berthelot 
reaction (Cruz and Martins-Loução 2000) and 
NO3
– using the VCl3/Griess method as de-
scribed by Hood-Nowotny et al. (2010).
3.3.5 Fluorometric enzyme activity 
profiling
The procedures, solutions and incubation 
times were followed as described by Pritsch et 
al. (2011). Root tips were carefully separated 
from the attached sand, rinsed in tap water 
and ca 2 mm sized root parts were transferred 
into 96-well filter plates (96-filter plate with 
30 - 40 mm mesh size) where they stayed for 
the whole assay procedure. The enzyme tests 
were performed using fluorescent substrate 
analogues labelled with methylumbelliferone 
(MU): MU-xyloside, MU-glucuronide, MU-
cellobiohydrofuran, MU-N-acetylglucosa-
mine, MU-β-glucoside and MU-phosphate 
and fluorescence measured at 364 nm excita-
tion and 450 nm emission in a fluorescence 
microplate reader. The values obtained were 
calibrated against a standard curve and related 
to the total area of root tips by scanning the 
root parts and analysing the pictures with Pho-
toshop for surface estimation.
Litter was crushed and homogenized into small 
pieces using a pair of clean scissors; 20 mg 
was weighed on a microscale and then trans-
ferred to the wells. Rhizosphere samples were 
mixed thoroughly prior to weighing and also 
20 mg was transferred to the wells. The values 
obtained were calibrated against a standard 
curve and related to the organic matter weight.
Chapter 3 - N/P Imbalance as a key driver for the invasion Page 49
3.3.6 Elemental analysis 
and isotopic ratios
Dry organic matter samples of foliage, roots 
and litter were ground to a fine powder in 
a ball mill. 5 ± 0.2 mg of the powder was 
weighed into tin capsules and 15N/14N ratios in 
the samples were determined on a continuous 
flow stable isotope ratio mass spectrometer 
coupled to an elemental analyser for online 
sample preparation by Dumas-combustion. 
The standards used were IAEA-N1 and USGS-
35 for nitrogen isotope ratio, δ15N results were 
referred to air. Precision of the isotope ratio 
analysis, calculated using values from six to 
nine replicates of laboratory standard material 
interspersed among samples in every batch 
analysis, was ≤ 0.2‰.
3.3.7 Statistical analysis
If not stated otherwise, all tests were per-
formed with the package stats using version 
R 3.2.4 (R Core Team, 2016). Comparisons 
between biomass pools and specific extra- 
cellular enzyme activities of rhizosphere and 
litter of both legumes were performed using 
Wilcoxon rank sum tests. This test was also 
used to compare differences between legume 
influence on C. album foliar % N, P and δ15N. 
To test for significant differences between soil 
and rhizosphere of both legume species, pair-
wise Wilcoxon rank sum tests with Holm ad-
justment were used. 
In order to find the spatial threshold of legume 
influence, the relationship between C. album 
δ15N and N content, respectively, with the dis-
tance to the legume canopy was investigated. 
Since δ15N and N content both increased in the 
vicinity to the legume canopy, a breakpoint 
was expected reflecting the threshold between 
the influenced range and the background value. 
To estimate this breakpoint, segmented regres-
sions were fitted using the function segment-
ed.lme() (Muggeo et al. 2014, modified by 
V. Muggeo to handle nested random effects). 
Distance to the legume canopy was included 
as fixed effect and legume and transect were 
included as random effects, with transect nest-
ed in legume (figure 3.1). The models were 
fitted by log-likelihood maximisation. Model 
terms, including breakpoints of all models, 
were tested for significance with the Wald-test 
using anova.lme(). After breakpoint estima-
tion, plants were grouped into plants growing 
in the canopy (IN) and plants growing outside 
(OUT) of breakpoint range. Legume influence 
was then defined as the difference between IN 
and OUT (IN - OUT) for δ15N and the % of 
change ((IN - OUT)/IN) for total foliar N. As-
sumptions for the linear regression between % 
of change in C. album foliar total N and foliar 
total P (‰) were checked by the Breusch–Pa-
gan test against homoscedasticity and the re-
siduals checked for normality using the Sha-
piro–Wilk normality test. These assumptions 
were also verified for all mentioned correla-
tions in the text. 
Variables significant to explain legume in-
fluence were identified based on partial least 
squares (PLS) regression and backward se-
lection of significant variables using the au-
topls() function from the autopls package 
(Schmidtlein et al. 2012), which selects vari-
ables on the basis of variable importance in 
the projection (VIP) and significance for pre-
diction The variables used for the selection 
procedure were: plant size, ΣC litter, Ap litter, 
Nag litter, ΣC roots, Ap roots, Nag roots, ΣC 
rhizosphere, Ap rhizosphere, Nag rhizosphere, 
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litter mass, root mass, rhizospere mass, soil 
OM, rhizosphere OM, soil organic P, rhizos-
phere organic P, total N litter, total P litter, to-
tal N roots, total P roots. The PLSR approach 
employs linear regression to project observed 
and predicted variables to a new space, thus 
creating components that are both explaining 
variance within the set of predictor variables 
as well as the variance of the observed vari-
able. The procedure is creating a prediction 
model using an optimization procedure based 
on variable significance and is internally vali-
dated by leave-one-out cross-validation. Data 
available from the Dryad Digital Repository: 
http://dx.doi.org/10.5061/dryad.gc735
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3.4 Results
3.4.1 Pool sizes and stoichiometry
Comparison of the native and the invasive 
legumes, Stauracanthus spectabilis and Aca-
cia longifolia, revealed differences in size and 
belowground biomass pools (table 3.1), with 
the canopy of the invasive A. longifolia being 
12 fold larger than the canopy of the native S. 
spectabilis. The invasive also exhibited a sig-
nificantly larger root mass and a slightly larger 









Canopy (m2) 75.0 (18.7) 6.5 (0.4) 0.008
Litter (kg m-2) 3.3 (0.4) 3.6 (0.7) 1
Root (kg m-2) 2.9 (0.9) 0.9 (0.2) 0.032
Rhizosphere (kg m-2) 79.2 (27.1) 15.5 (6.7) 0.056
Rhizosphere/Soil 
ratio (w/w)
0.32 (0.11) 0.07 (0.03) 0.056
Leaf biomass δ15N -2.6 (0.2) -0.6 (0.2) 0.008
% N 1.9 (0.1) 1.8 (0.1) 0.421
% C 47.5 (1.2) 47.8 (1.3) 0.841
‰ P 0.3 (<0.1) 0.9 (<0.1) 0.008
C:N 25.4 (1.7) 27.3 (1.1) 0.548
N:P 59.6 (7.8) 19.9 (0.8) 0.008
C:P 1512.8 (237.7) 540.8 (26.8) 0.008
Litter biomass δ15N -1.7 (0.4) -1.6 (0.2) 1
% N 1.4 (0.2) 1.5 (0.1) 0.548
% C 42.5 (1.9) 43.5 (0.9) 0.421
‰ P 0.3 (0.1) 0.4 (<0.1) 0.222
C:N 31.9 (2.4) 29.4 (1.7) 0.31
N:P 85.6 (24.8) 43.9 (3.7) 0.222
C:P 2429.5 (566.4) 1295.6 (157.4) 0.095
Thickness (cm) 14.6 (2.8) 28.8 (3.3) 0.016
Root biomass δ15N -0.5 (0.1) -1.9 (0.3) 0.008
% N 1.2 (0.2) 0.7 (0.1) 0.056
% C 36.6 (1.9) 39.1 (2.3) 0.548
‰ P 0.2 (0) 0.4 (0.1) 0.69
C:N 33.7 (3.5) 74.8 (18.4) 0.032
N:P 83.7 (29.3) 37.3 (12.5) 0.151
C:P 2104.5 (667.6) 2136.2 (569.9) 1
Table 3.1 Characterization of the biomass pools associated with the invasive Acacia longifolia and the native Stauracanthus 
spectabilis legumes. 
Three biomass pools were considered: leaf, litter and root. Rhizosphere/soil ratio was calculated as rhizospheric soil relative 
to the bulk soil sample (w/w). Values are means (n = 5) with standard errors given in brackets, rows in bold show significant 
differences between groups (p < 0.05, Wilcoxon test).
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rhizospheric and soil fractions underneath the 
studied plants showed clear differences be-
tween the fractions, but no significant differ-
ences between species (table 3.2). A deviation 
from this pattern was the OM content, which 
was higher in the rhizospheric soil fraction 
of both legumes than in soil of S. spectabilis, 
while soil and rhizospheric soil under A. longi-
folia were not distinguishable. The rhizos-
pheric compartments of both species were 
slightly less acidic than the surrounding soil, 
and exhibited 2-fold higher nitrate, 1.7-fold 
higher soluble P and 6.2-fold higher organic 
P concentrations, but also 2.4-fold lower am-
monia concentrations. Generally, the quantity 
of rhizospheric soil was highly correlated with 
the root mass (r2 = 0.89, p < 0.001) and was 
five times higher underneath the invasive spe-
cies (table 3.1). The rhizospheric soil ratio, 
describing the amount of soil being influenced 
by roots, was 0.32 in the uppermost 20 cm of 
soil underneath A. longifolia, contrary to 0.07 
underneath S. spectabilis. Litter mass was not 
significantly larger underneath the invasive 
compared to the native species, but litter lay-
ers were found to differ significantly in thick-
ness. Total N values did not differ in major 
tissues, however, A. longifolia roots showed a 
trend for higher total N concentrations com-
pared to S. spectabilis roots. Also, while there 
were significant differences in the δ15N signa-
tures, both species exhibited values close to 
the atmospheric standard, which is expected 
in nitrogen fixing legumes. The foliage of the 
A. longifolia was significantly depleted in total 
P compared to the native S. spectabilis, while 
roots and litter showed only a slightly lower 
total P in the case of the invasive.
3.4.2 Specific enzyme activities to 
assess potential flux rates
For rhizosphere, litter and soil, significant dif-
ferences of specific enzyme activities were 
found between species (table 3.3). The litter 
produced by the invasive showed 1.5 times 
higher C related EEA (ΣC: β-glucosidase, 
β-xylosidase, β-glucuronidase, cellobiohydro-
lase) than the litter of the native species, how-
ever, β-1,4-N-acetylglucosaminidase (Nag) 
and acid phosphatase (Ap) activities were not 
significantly different. Differences of specific 
enzyme activities were more pronounced and 
significantly different between the rhizos-
pheres of both species, with 2.7-fold higher 
ΣC, 2.4-fold higher Ap activity and 1.4-fold 
higher Nag activity underneath the invasive. 
Root Ap enzyme activities were significantly 
higher underneath the invasive species, while 
root β-glucuronidase activities were high-
er in the native. Ratios of ln(ΣC):ln(Nag), 









Soil A. longifolia 0.4 (0)ab 5.6 (0.1)a 0.3 (0.1)a 5 (1.0)a 2.6 (0.4)a 3.3 (0.1)a
S. spectabilis 0.3 (0)a 5.4 (0.1)a 0.2 (0)a 6.3 (1.7)a 2 (0.3)a 2.8 (0.1)a
Rh izo-
shpere
A. longifolia 0.6 (0.1)bc 6.2 (0.1)b 0.8 (0.1)b 32.8 (8.9)b 4.7 (1.1)a 1.1 (0.1)b
S. spectabilis 1.4 (0.3)c 6.2 (0.1)b 0.7 (0.1)b 37.2 (5.3)b 3.3 (0.7)a 1.4 (0.4)b
Table 3.2 Characteristics of the soil and the rhizosphere compartments of the two studied legumes, the invasive Acacia longi-
folia and the native Stauracanthus spectabilis. 
Values are means (n = 5) with standard errors given in brackets. Different letters indicate significant differences (p < 0.05, 
pairwise Wilcoxon test with Holm correction).
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ln(ΣC):ln(Ap) and ln(Nag):ln(Ap) can be used 
for stoichiometry considerations (Sinsabaugh 
et al. 2009), similar to C/N/P ratios in plant 
tissues. EEA ratios were not significantly dif-
ferent between the species and ranged around 
1 in the litter compartment (SE ± 0.1), while 
they differed to a larger extent in rhizos-
phere: ln(ΣC):ln(Nag) = 1.3, ln(ΣC):ln(Ap) 
= 1, ln(Nag):ln(Ap) = 0.8 and the roots: 
ln(ΣC):ln(Nag) = 2.7, ln(ΣC):ln(Ap) = 1.1, 
ln(Nag):ln(Ap) = 0.4.
3.4.3 Spatial impact
The impact of the legumes on both foliar to-
tal N and δ15N values of surrounding C. album 
plants was distance dependent and could be 
modelled using a segmented regression (fig-
ure 3.2). Both legumes impacted foliar N or 
δ15N of surrounding Corema album plants up 
to certain breakpoint (broken lines) which de-
scribed the maximum range of influence out-
side of the canopy. Using this approach, C. 
album plants were grouped into plants grow-
ing under the canopy (on the black dotted line, 
IN), or in distances exceeding the breakpoint, 
where no significant impact of the legume 
Table 3.3: Specific extracellular enzyme activities of rhizosphere and litter pools, related to organic matter content. 
ΣC abbreviates the sum of carbon related enzyme activities (β-glucosidase + β-xylosidase + β-glucuronidase + cellobiohydro-
lase). Also shown are root potential enzyme activities per projected root area. Values are means (n = 5) with standard errors in 









(µmol h-1 g-1 OM)
β-glucosidase 1.9 (0) 1.3 (0) 0.016
β-xylosidase 0.1 (0) 0 (0) 0.016
β-glucuronidase 0.1 (0) 0.1 (0) 0.222
cellobiohydrolase 0.4 (0) 0.3 (0) 0.032
ΣC 2.5 (0.2) 1.6 (0.1) 0.016
acid phosphatase (Ap) 1.6 (0) 1.2 (0) 0.151




(µmol h-1 g-1 OM)
β-glucosidase 346.9 (0.3) 103.6 (0.1) 0.016
β-xylosidase 83.5 (0.1) 40 (0) 0.056
β-glucuronidase 8 (0) 4.5 (0) 0.095
cellobiohydrolase 27.8 (0) 14.1 (0) 0.032
ΣC 466.1 (52.8) 162.2 (21.2) 0.016
acid phosphatase (Ap) 202.1 (0.2) 93.4 (0.1) 0.008




β-glucosidase 787 (45.3) 752.8 (17.8) 0.222
(pmol min-1 mm-2) 197.7 (5.3) 184 (3.5) 0.095
β-glucuronidase 10.3 (0.3) 14.3 (1.4) 0.008
cellobiohydrolase 59.4 (3.3) 55 (1.2) 0.222
ΣC 1054.4 (52.8) 1006.2 (56.5) 0.151
acid phosphatase (Ap) 401.2 (3.9) 414.3 (3.7) 0.032
N-acetylglucosaminidase (Nag) 12.2 (0.6) 14.6 (1.5) 0.31
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was evident (OUT). The influence range of S. 
spectabilis on C. album was 1.3 m for foliar 
total N content and 2.7 m for δ15N values, and 
thus lower than that of A. longifolia, with 1.7 
m for total N and 4.1 m for δ15N. Using the 
radius of the canopy size (table 3.1) and add-
ing the breakpoint distance, the impact range 
of A. longifolia on C. album was estimated to 
be 1.9-fold greater for foliar N and 3.8-fold 
greater for foliar δ15N than its canopy cover. 
S. spectabilis showed a 3.8-fold larger impact 
range for impact on C. album foliar total N and 
a 8.2-fold larger impact range on foliar δ15N. 
As the impact areas are calculated relative to 
the canopy, they were larger for the native leg-
ume, however, the absolute area of influence 
was far greater for the invasive plant, 134 m2 
for C. album foliar total N and 250 m2 for foli-
ar δ15N, against 23 m2 and 53 m2, respectively, 
for the native. 
C. album foliar total N and δ15N values were 
not significantly different between plants 
growing inside (IN) or outside (OUT) either 
A. longifolia or S. spectabilis (figure 3.3) but 
were generally higher in IN plants compared 
to OUT plants (Wilcoxon test, n = 10, p < 
0.001). These results were used to express leg-
ume influence as % of change in C. album to-
tal foliar N and ‰ change for C. album foliar 
δ15N values (figure 3.3, right boxes). In both 
cases, C. album plants growing in the transects 
measured around A. longifolia show a signifi- 
cantly larger change in total foliar N and foliar 
δ15N values than plants in the transects meas-
ured around S. spectabilis (Wilcoxon test, n = 
5, p < 0.05).
Contrary to total N and δ15N values, no corre-
lation was found between distance to legume 
canopy and foliar total P concentrations of C. 
album. However, the legume influence on C. 
album foliar total N shows a negative linear 
relationship (n = 10, r = -0.63, p = 0.052) with 
C. album foliar total P (Fig. 3, left) and leg-
ume influence on C. album foliar δ15N exhib-
its a significant negative monotonic relation-
ship with foliar total P (n = 10, rs = -0.673, p = 







































































































































































Figure 3.2 Distance effects of invasive and native legumes to 
C. album foliar N and δ15N.
(a) Effect of the distance to the native (S. spectabilis) and the 
invasive (A. longifolia) on C. album total foliar N. 
(b) Effect of the distance to the native (S. spectabilis) and the 
invasive (A. longifolia) on C. album foliar δ15N. 
Black triangles indicate C. album foliage samples from the 
surrounding of A. longifolia, grey dots samples from the sur-
rounding of S. spectabilis. Black dotted lines indicate the 
canopy of the respective legumes, black and grey broken lines 
indicate the breakpoint estimated by segmented regression, 
beyond which the influence of the legumes is not distinguish-
able from background variation.
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measured around A. longifolia were signifi-
cantly lower in foliar P (Wilcoxon test, n = 5, 
p < 0.05, figure 3.4, right box).
3.4.4 Partial least-squares regression
Using a partial least-squares regression ap-
proach (PLSR) with an automatic backward 
model selection procedure allowed to deter-
mine the most important variables predict-
ing the legume influence on the surrounding 
C. album vegetation. Biplots of the first two 
components showing sample scores and load-
ings of the variables can be found in figure 3.3 
The first component of the respective models 
showed a high correlation with % of change in 
C. album total foliar N (r2 = 0.95), C. album 
total foliar P (r2 = 0.67) and ‰ of change for C. 
album foliar δ15N values (r2 = 0.91), while no 
significant correlation with the second compo-
nents was evident. Utilising the loadings of the 
























































































Figure 3.3 Effect of legume presence on C. album foliar N and δ15N.
(a) Effect of legume presence on total foliar N (%) of C. album foliage (mean ± SE, n = 5).
(b) Effect of legume presence on δ15N (‰) of C. album foliage (mean ± SE, n = 5). 
Grey dots indicate values for C. album plants in the surrounding of S. spectabilis and black triangles indicate values from the 
surrounding of A. longifolia. Values for IN and OUT plants were derived from the breakpoint estimation described in figure 
3.2, with IN values representing plants growing inside the canopy of the respective legume and OUT values being derived from 
plants growing outside of the legumes influence, i.e. farther away than the breakpoint (left boxes). Legume influence was then 
described in % of change in C. album total foliar N and ‰ change for C. album foliar δ15N (right boxes). Asterisks indicate sig-
nificant differences (* = p < 0.05, ** = p < 0.01, *** = p < 0.001; Wilcoxon test with n = 10 in left boxes, n = 5 in right boxes).



















% of change in C .album foliar total N
*
Figure 3.4 Relationship between change in C. album foliar 
total N and P.
On the left: Relationship between % of change in C. album 
foliar total N and foliar total P (‰), dotted lines indicate the 
95% confidence interval. Grey dots indicate values for C. al-
bum plants in the surrounding of S. spectabilis and black tri-
angles indicate values from the surrounding of A. longifolia. 
% of change in C. album foliar total N was derived from IN 
and OUT plants as described in figure 3.3. C. album foliar P 
content was calculated per legume plant as the mean of all 
surrounding C. album plants (n = 15). On the right: C. album 
foliar total P (‰, mean ± SE, n = 5) of all C. album plants 
from five A. longifolia (black triangles) and five S. spectabilis 
(grey dots) plants. Asterisks indicate significant differences (* 
= p < 0.05, Wilcoxon test with n = 5).
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can be expressed as a percentage by calculat-
ing the loading weights, where loadings are 
normalised so that the sum of squares of all 
loadings within each component is summed to 
one (Carrascal et al. 2009).
In the model describing % of change in C. 
album total foliar N seven variables were re-
tained (figure 3.5). Variables related to P con-
tents within the system (total P litter, total P 
roots and soil organic P) and belowground 
organic matter pools (SOM and root mass) 
were the most important predictors, account-
ing for 41% and 27%, respectively, while C 
turnover rates in the rhizosphere compartment 
and plant size each accounted for 16%. The 
model predicting C. album total foliar P (Fig. 
4b) contained two variables, each accounting 
for 50% of the variance (root N content and C 
turnover rates). The model on ‰ of change for 
C. album foliar δ15N values (figure 3.5 c) con-
tained three variables. Here, predictors were 
soil OM content (33%), root N content (each 
for 35%), and root mass (31%).
increasing (% of change) C. album foliar N
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Figure 3.5 Biplots showing sample scores (dots) and loadings 
of selected variables (labelled arrows) on the first two compo-
nents of partial least squares regression (PLSR) models.
Predicting:
Figure 3.5 (continued)
(a) % of change of C. album foliar N
(b) ‰ total C. album foliar P
(c) ‰ of change of C. album foliar δ15N 
Grey dots indicate samples from the surrounding of S. specta-
bilis and black triangles samples from the surrounding of A. 
longifolia. The models were optimized selecting significant 
variables by employing an automatic model selection pro-
cedure based on variable importance in the projection (VIP) 
values and significance for prediction. Percentages given in 
the axis titles are variances in X (predictor space/independ-
ent variables) and Y (dependent variable) explained by the re-
spective component. Variables in bold are related to tissue nu-
trient concentrations, variables in italic are related to biomass 
and variables with black contours are related to turnover rates. 
RS = rhizosphere, ΣC = β-glucosidase + β-xylosidase + 
β-glucuronidase + cellobiohydrolase, 
Ptot = total phosphorus, Ntot = total nitrogen, SOM = soil or-
ganic matter, Porg = organic phosphorus.
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3.5 Discussion
Understanding plant invasions requires a thor-
ough analysis of belowground processes, not 
only in terms of quantitative changes of soil 
OM pools, but also of nutrient stoichiometry 
and fluxes (Hulme et al. 2013). The work pre-
sented here highlights these considerations and 
adds P as an important nutrient to understand 
the impact of an ecosystem engineering plant 
in an oligotrophic model system. Confirming 
earlier observations (Hellmann et al. 2011, 
Rascher et al. 2012) of a spatial Acacia longi-
folia impact on foliar N and δ15N of surround-
ing Corema album vegetation (figure 3.2), the 
results furthermore show legume influence on 
C. album N and δ15N are negatively correlated 
with C. album foliar P concentrations (figure 
3.4, left). This fits to the hypothesis of in-
duced N/P imbalance, as it indicates the onset 
of systemic P depletion while N availability 
increases. The effect is significantly stronger 
for the invasive (figure 3.4, right), aligning A. 
longifolia with other Acacia tree species that 
have been shown to shift N and P co-limited 
ecosystems to a stronger P limitation (Sitters 
et al. 2013).
The decrease in C. album foliar P was related 
with higher C turnover rates in the rhizosphere 
and higher root N (figure 3.5 b), while the in-
crease in % of change in C. album total fo-
liar N was related with depleted legume tissue 
P, increased SOM and root mass (figure 3.5 
a). Both root and rhizosphere mass were in-
creased underneath the invasive A. longifolia, 
compared to the native Stauracanthus spect-
abilis (table 3.1). Increased root mass is a 
known trait of invasive Acacia species (Morris 
et al. 2011) and especially important for plant 
invasions in low resource environments (Funk 
2013). Root N content in turn is involved in 
mediating microbial C turnover efficiency 
(Carrillo et al. 2014) and microbial nutrient 
cycling in the rhizosphere (Jones et al. 2009). 
The rhizosphere is crucial for the understand-
ing of plant invasions, due to its role in estab-
lishing soil structure (Philippot et al. 2013) and 
as a proxy of plant–plant (Sanon et al. 2009) 
and plant–soil interactions (Callaway et al. 
2004). The rhizosphere of A. longifolia con-
sistently exhibited higher specific EEA (Table 
3), which indicates higher resource availabil-
ity and microbial growth (Sinsabaugh et al. 
2009). In this study, microbial activity, indi-
cated by ΣC EEA values, in the rhizosphere of 
the legumes was found to be a crucial variable 
in explaining legume influence on C. album N 
and P (figure 3.5 a,b). Rhizosphere β-1,4-N-
acetylglucosaminidase (Nag) and Ap activity, 
were also negatively correlated with legume 
leaf P (Spearman’s rank correlation: rs= -0.78, 
p < 0.01 and rs = -0.79, p < 0.05, respectively), 
which might furthermore indicate a strong P 
demand of the legumes themselves, especially 
A. longifolia, which additionally exhibited 
significantly higher values of root Ap.
In contrast to root and rhizosphere mass, litter 
mass was not different between native and in-
vasive legumes (table 3.1), even though Aca-
cia plants are known to accumulate thick lit-
ter layers underneath their canopy (Marchante 
et al. 2008, Hellmann et al. 2011), which is a 
frequent plant trait associated with ecosystem 
engineering (Fei et al. 2014). Also, litter P was 
not found to be a significantly related with C. 
album foliar P levels, but had a negative rela-
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tion with legume influence on C. album foliar 
N. This could be due to high P-resorbing ef-
ficiencies seen in other Acacia spp. (He et al. 
2011) and the potentially poor litter quality of 
both legumes as indicated by C:N and C:P ra-
tios in the litter (Table 1). Poor substrate qual-
ity induces lower C use efficiency of the mi-
crobial degrader community (Manzoni et al. 
2010) and the observed higher ΣC EEA values 
in the invasive’s litter (table 3.3) could point 
to an enhanced litter degradation, which is a 
frequent occurrence in invaded ecosystems 
(Liao et al. 2008). During litter degradation, 
N and P are likely released and while in sandy 
soils around legume canopies soil N has been 
shown to be influenced in a spatial manner, sol-
uble P did not follow this pattern (Rodríguez 
et al. 2009). The high relevance of increased 
litter degradation and soil nutrient fluxes dur-
ing the invasion process is further substanti-
ated by the observation that in its native range 
A. longifolia can itself be out competed by an 
invasive weed, Chrysanthemoides monilifera, 
which exhibits even higher litter decomposi-
tion rates (Lindsay and French, 2005).
Interestingly, while increased ΣC EEA and 
higher root N values, indicators of increased 
microbial activity and nutrient turnover, were 
related with the decrease in C. album foliar P, 
ΣC EEA values increased with legume influ-
ence on C. album foliar N (figure 3.5 a). There 
is evidence that increased turnover and lib-
eral movement of N between plants could be 
a mean to decrease competition and increase 
plant aggregation in a situation where N and 
P are co-limiting (Teste et al. 2015). Indeed, 
Mediterranean dunes are known to be both 
very N and P limited (Martínez et al. 1998) and 
extractable P levels of the soil measured here 
(table 3.2) were half of those reported earlier 
for similar systems (Marchante et al. 2008), 
thus being indicative of severely nutrient-defi-
cient soil (Funk 2013). However, while liberal 
movement of N seems to occur in the system 
observed here (figure 3.2 a) which should help 
sustaining biodiversity (Teste et al. 2015), it is 
known that A. longifolia decreases biodiver-
sity during invasion by increasing monospe-
cific plant cover and outcompeting the native 
vegetation (Marchante et al. 2008, Hellmann 
et al. 2011).
This discrepancy might be explained by a high 
phenotypic plasticity in resource acquisition, 
coupled with low resource usage in biomass 
production, which is a strategy of invasive 
species frequently observed in low-resource 
ecosystems (Gioria and Osborne 2014). Aca-
cia longifolia shows high rhizosphere and lit-
ter EEA values and strong investment in be-
lowground biomass, which all contribute to 
more rapid nutrient cycling and thus resource 
availability. At the same time, the relation 
of stronger legume influence on C. album N 
with lower P concentrations in roots and litter 
(figure 3.5 a) could be an indicator for low P 
usage in biomass production, as A. longifolia 
tissue P concentrations were lower compared 
to the native legume (table 3.1). Species from 
Australian Mediterranean-type regions often 
exhibit lower foliar P values as an adaption to 
their natural low-nutrient habitats (Stock and 
Verboom 2012). Indeed, A. longifolia foliar N 
concentrations were within range of earlier re-
ports from comparable systems (Marchante et 
al. 2008, Hellmann et al. 2011), while foliar P 
concentrations of the invasive were compara-
ble to values reported for several Acacia spe-
cies under P-impoverished conditions (He et 
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al. 2011). Thus, the resulting foliar N:P ratios 
between 10 and 20 of the native legume indi-
cate co-limitation for both nutrients (Güsewell 
2004) while N:P ratios of A. longifolia dem-
onstrate a strong P depletion. However, even 
though these findings support a P limitation of 
A. longifolia, it is growing to a larger size than 
the native S. spectablis (table 3.1), which is 
related to increasing legume influence on C. 
album N (figure 3.5 a). Differences in canopy 
size also reflect the different growth forms of 
the legumes, with S. spectabilis growing as a 
shrub, while A. longifolia is creating singu-
lar, small trees in this early stage of invasion 
(Hellmann et al. 2011). Furthermore, impact 
on C. album foliar N and δ15N is related to 
high SOM beneath A. longifolia (figure 3.5 a, 
b), while in contrast, the native S. spectabilis 
accumulates slowly decaying litter underneath 
its canopy. Furthermore, being a spiny legume 
with highly reduced leaves (Barradas et al. 
1999), S. spectabilis likely recycles its shoot 
N, which would retain N within the plant and 
make it less available to the surrounding veg-
etation. This is in line with its foliar δ15N val-
ues, as N retention can lead to an enrichment 
in foliar δ15N (Unkovich, 2013) and depleted 
A. longifolia foliar δ15N values compared to 
S. spectabilis were previously reported (Hell-
mann et al. 2011). Depletion of foliar δ15N 
values could furthermore indicate P deficiency 
(Lazali et al. 2014), however, symbiotic nitro-
gen fixation is barely affected by insufficient P 
(Augusto et al. 2013), and the work presented 
here indicates that A. longifolia, like other 
Acacia species (Inagaki and Tange 2014), 
might show a high P use efficiency compared 
to other N2 fixing legumes.
In conclusion, the comparison of a native and 
an invasive legume yielded the most important 
predictors for their effect on the surrounding 
vegetation and thus putative reasons for the 
invasiveness of A. longifolia in this system. In 
contrast to S. spectabilis, A. longifolia exhib-
ited an efficient P use in biomass production 
(low P concentrations) and created a below-
ground structure consisting of fine roots cou-
pled to a rhizosphere capable of rapid organic 
matter turnover within its own canopy. In this 
highly oligotrophic system, the ability of the 
invasive species to rapidly cycle nutrients 
may be considered an essential mechanism 
for its success. As it supplies N to the sur-
rounding vegetation, while requiring substan-
tial amounts of P itself, A. longifolia creates 
an N/P imbalance at community level. Thus, 
our work gives evidence that the influence on 
belowground processes and plant–soil-inter-
actions, specifically on community P balance, 
might substantially contribute to explain the 
ecosystem engineering character of invasive 
Acacia spp. and their huge ecological impact 
in dune systems worldwide.
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4.1 Abstract
Invasive plant species pose a major threat to 
many ecosystems worldwide. Especially N-
fixing species are problematic, as they can 
profoundly disrupt soil nutrient cycles, with 
disastrous effects on soil functioning and na-
tive species composition. Eradication meas-
ures are often time consuming and expensive, 
with little incentives for local stakeholders. 
However, eradication yields large amounts of 
biomass, which could potentially be compost-
ed and used as a soil amendment, incentiv-
izing usage by local farmers and diminishing 
their spread. 
Acacia longifolia is an invasive legume tree, 
which has recently been successfully compost-
ed and used as a growth medium, yet it is not 
clear how this compost would behave along 
time if used in an agricultural soil. Also, if it 
were possible to co-compost foliage and the 
seed-containing topsoil of A. longifolia stands, 
eradication measures would be more efficient 
while still producing a viable soil amendment. 
In the work described here, we assessed the 
degradation of A. longifolia biomass compost 
(CO) and composted biomass-litter (CL) mix 
in a sandy soil for ca. 6 months. In order to get 
a higher resolution of time samples and vari-
ables measured, we explored the potential to 
test a novel high-throughput microplate meth-
od that allows for the determination of nutrient 
concentrations and pH in the soil extract, as 
well as enzyme kinetics in the same sample. 
We found increased apparent Vmax values for 
all enzymes measured in the treatments com-
pared to the control soil, as well as increased 
pH, decreased inorganic N:P ratios and higher 
N immobilization. Also, while enzymatic ac-
tivities diminished along time in the control 
soil, they increased in the CO treatment, es-
pecially in the case of phosphatase, while they 
were constantly high in the CL treatment. 
After the addition of 50 mg ammonium per 
kg soil there was a strong loss of phosphate 
in the control soil observed, while values in 
the treatments maintained higher levels, thus 
keeping the N:P ratios in a range of 10. The 
final nitrification rates were highly correlated 
with available P and slightly correlated with 
N-acetylglucosaminidase Km, indicating in-
creased microbial activity in the treatments. 
In conclusion, the method employed here al-
lowed a high resolution of samples and vari-
ables to be obtained, which help to explain 
potential effects of A. longifolia GWC in nu-
trient poor sandy soils. Both GWC types, CO 
as well as CL, had beneficial effects on the soil 
quality, as measured by enzymatic activity, 
increased the pH of this very acidic soil and 
also immobilized N, potentially decreasing N 
leaching. However, the CL treatment also had 
strong nitrification rates, which could counter-
act the immobilization process. Also, only N 
was added here and strong interaction effects 
with available P were found, which on the one 
hand adds to evidence of high P solubilisation 
capabilities of the A. longifolia litter layer and 
might be, on the other hand, also a potential 
way to release locked N in the biomass in an 
agricultural setting. 
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4.2 Introduction
Invasive plant species are contributing signifi-
cantly to human-induced global change due 
to their strong impacts on biodiversity and 
ecosystem functioning (Vitousek et al., 1997; 
Pyšek et al., 2012; Simberloff et al., 2013). 
While problematic worldwide, Portugal alone 
is invaded by 8 different invasive Acacia spp. 
(Freitas and Almeida, 2006), with highly det-
rimental effects on many of its oligotrophic 
ecosystems. An important species within 
this group is Acacia longifolia, which is also 
termed an “ecosystem engineer” sensu Bada-
no et al. (2010) and considered “very wide-
spread” globally (Richardson and Rejmánek, 
2011). It is one of the most influential invaders 
in the Portuguese dune systems and adjacent 
areas, and is completely changing soil func-
tioning during the course of invasion (March-
ante et al., 2011). While this problematic is 
well known, large-scale eradication measures 
are still lacking behind and are hindered by 
the fact that many of the Acacia spp. exhibit 
shrub-like growth forms and low timber qual-
ity, which makes the economical usage of 
their biomass difficult. Thus, incentives for 
the eradication itself should be created, as this 
would create increasing pressure on the Aca-
cia stands, thereby relieving stress on the na-
tive vegetation. A promising idea in this field 
is the production of compost from Acacia bio-
mass derived from local eradication measures, 
which could be used as a soil amendment in 
adjacent agricultural soils.
The first data available on the composting pro-
cess of Acacia biomass was reported by Brito 
et al. (2013). This work explored the possibil-
ity of using Acacia compost as an horticultural 
substrate, replacing more costly and environ-
mentally problematic organic substrates, such 
as peat (Brito et al., 2015a). Also, comparing 
this compost as a horticultural substrate with 
the more common pine bark in an experiment 
on lettuce growth gave similar results (Brito et 
al., 2015a), thus making this invasive-derived 
green waste compost (GWC) an interesting 
and promising candidate for further research. 
Furthermore, the usage of slowly degrading 
biomass, such as pine bark, is also a potential 
way to increase final compost output (Brito et 
al., 2015b), which not only increases the mass 
output of the composting process but is also 
connected to lower nutrient levels, thus mak-
ing the final product less suitable as a nutrient 
source but potentially still useful as an organic 
amendment for agricultural soils. Also, most 
of the characteristics of the Acacia compost, 
such as increased C:N ratio and low nutrient 
contents at a high OM rate, as well as low 
nutrient and high lignin values could be ben-
eficial for its usage as an organic soil amend-
ment. If these results could be replicated by 
co-composting Acacia biomass with its own 
litter layer as a slowly degrading biomass, not 
only would compost output increase, but also 
the persistent seed bank could be diminished. 
However, Acacia compost has not yet been in 
cooperated into soil and thus it is not known 
how this amendment would behave, especially 
in soils that are naturally poor in existing or-
ganic matter, such as sandy soils.
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The usage of GWC has many potential ben-
efits, such as increased organic matter accu-
mulation and higher nitrate contents (Mugnai 
et al., 2012), as well as immobilizing min-
eral N, thereby decreasing N leaching losses 
and N2O production by removing mineral N 
as substrate (Vaughan et al., 2011). The ap-
plication of GWC can, however, also lead to 
an increase in nitrification rates, thereby po-
tentially increasing NO3
- concentrations and 
consequently soil N leaching. This effect was 
found to be especially strong in acidic soils 
and is mainly connected to the introduction 
of ammonium oxidizing bacteria (AOB) into 
formerly AOB-poor soils (Thangarajan et al., 
2015). Thus, apart from changes in the pH lev-
els, the introduction of novel organisms by the 
soil amendment could especially be problem-
atic when using Acacia biomass together with 
its own topsoil-litter layer for composting. It 
has been shown that this layer is implicated in 
N-leakage from the invasive A. longifolia to 
adjacent native vegetation (Ulm et al., 2017), 
which is mainly connected to organic phos-
phorus (P) depletion and microbial activity. 
Higher microbial activity could, on the other 
hand, also increase mineral N immobilization 
due to higher microbial growth rates. Hetero-
trophic microbial growth in the soil, sustained 
by the degradation of biomass, can only hap-
pen if enough P is supplied, as both N and P 
cycles are tightly coupled (Manzoni et al., 
2010). Consequently, not only N and P pools 
in terms of inorganic nutrient concentrations 
need to be measured, but also the flux rates 
of the N, P and carbon (C) cycles, mediated 
by enzymatic activity, are crucial for the un-
derstanding of soil functioning (Sinsabaugh et 
al., 2009). 
Soil enzymatic activities (EA) have long been 
used as potential indicators of soil quality 
(Dick, 1994) and subsequent developments 
made it possible to assess EA at a microscale 
using fluorometric substrates, which avoids 
extraction and purification of the product be-
fore measurement (Marx et al., 2001). How-
ever, there are still several important points 
to take into account while using these meth-
ods in the setting of ecophysiological and soil 
ecological studies (German et al., 2011). For 
example, its imperative to work under sub-
strate saturation conditions in order to assess 
potential EAs, which is a measure of Vmax, the 
maximum reaction rate of an enzyme. If lower 
than saturating conditions are used, important 
differences might not be detected (German et 
al., 2011) and type II error increases in subse-
quent statistical analysis. Detecting saturation 
conditions requires, however, producing satu-
ration curves and fitting Michaelis-Menten 
equations. While this procedure is useful in 
also providing Km values, which are a measure 
of enzyme substrate affinity (Davidson et al., 
2006), it is a time consuming procedure, lead-
ing many researchers to use a given concen-
tration and not further optimize concentrations 
(German et al., 2011). Another problem is pH 
dependence and its measurement, both in the 
assay itself, as enzymes have specific pH opti-
ma (Turner, 2010), and soil pH is often not re-
ported in the publications. Also, it might be the 
case that pH is different at the microsite where 
EA was measured and in the bulk soil around 
the microsite (eg. rhizosphere) (Burns, 1998). 
Another pH dependent problematic is connect-
ed to the measurement of the fluorescent dye 
(in most cases methylumbelliferone) released 
by the enzymatic reaction, which fluoresces 
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best in an alkaline range (DeForest, 2009). As 
in most cases buffers are used that are not in 
the range needed for strong fluorescence (ph > 
9), NaOH is added to the samples before read-
ing in the fluorometer. However, fluorescence 
changes along time after the addition of NaOH 
and the assay buffers used might not behave in 
the same way upon NaOH addition (DeForest, 
2009). Another common drawback of standard 
methods is the homogenization of soil samples 
prior to analysis, which can be problematic as 
several methods lead to cell lysis and the re-
alease of intracellular enzymes (German et al., 
2011). Lastly, many methods rely on single 
concentration standards, do not use concen-
tration curves and/or do not take into account 
the differences in soil types, which, for exam-
ple, might have different levels of quenching 
(Wallenstein et al., 2009). 
In order to overcome some of the challenges 
discussed, we used a novel approach to ana-
lyse EA in soil samples and tested this meth-
odology on repeated samples of a soil-compost 
incubation experiment spanning 180 days. 
The methodology described here was devel-
oped from the microplate fluorimetric assay 
approach for soils as described by Marx et al. 
(2001), and the sequential assay procedure ex-
ecuted in filter microplates for ectomycorrhi-
zal roots as described by Pritsch et al. (2011). 
The usage of filter microplates allows the soil 
samples to be weighed into the wells with the 
soil matrix still intact and then performing 
various types of analysis on the same sample 
sequentially. Here, we tested washing the soil 
with destilled water to obtain a soil solution, 
which subsequently was used for colorimetric 
pH determination. Also, we created a calibra-
tion curve for each well by using increasing 
concentrations of methylumbelliferone (MU) 
and washing out the fluorescent dye before 
starting the incubation with increasing methy-
lumbelliferyl–substrate concentrations to pro-
duce the Michaelis-Menten curves, measur-
ing fluorescence without NaOH addition and 
higher gains. The large data set created by this 
methodology was then used to discuss the po-
tential effects of compost addition in sandy 
agricultural soils. 
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4.3.1 Soil description, compost 
production and treatment description
Topsoil (> 15 cm) was sampled in the perish 
of Longueira/Almograve, Odemira, Portugal 
(37.68°N, 8.76°W) from an irrigated agri-
cultural land classified as an arenosol (IUSS 
Working Group, WRB, 2006). Plant material 
(Acacia longifolia) as well as the litter layer 
below (< 5 cm) were harvested and ground 
mechanically into pieces < 10 cm and 0.0625 
m3 was then composted in custom made insu-
lated aerated cubic containers with a volume 
of 0.125 m3. The containers were build from 
ROOFMATETM extruded polystyrene foam 
insulation sheets of 5 cm thickness, which 
were joined using polyurethane foam adhesive 
spray and sealed with acrylic to maintain tem-
perature and humidity constant. 
Plant material was either used pure (Compost) 
or mixed in a 10:1 (v:v) ratio with the litter 
layer (CL-mix) and composted for 40 days in 
controlled mesophilic conditions (40 - 53 °C), 
keeping volumetric water content above 40 %. 
Final composted material had: 1.5 N %, 48.0 
C % and a C:N ratio of 34.3 for the pure com-
post and 1.3 N %, 39.7 C % and a C:N ratio of 
31.5 for the CL-mix. Composted plant mate-
rial (Compost and CL-mix), was then in coop-
erated in 500 g soil (n = 5) at a 2 % (w/w) ratio 
and the mixes incubated at 22° C in the dark in 
loose-lid aluminium containers. Along the du-
ration of the experiment, soil was kept at field 
capacity using tap water and samples were 
taken with a spatula at various time points. 
At day 77 of the experiment, 50 mg NH4
+ kg-1 
soil were added as a solution in distilled water 
to simulate fertilizer input.
4.3.2 Sampling regime and 
preparation
Before starting the experiment, subsamples of 
the soil were oven-dried at 60 °C until constant 
weight and 500 mg subsequently ashed in a 
muffle furnace (600°C, 24 h) to determine OM 
by the loss on ignition method. For soil ex-
tracts, subsamples of 5 g were taken and shak-
en at room temperature (20°C) for 30 min in 20 
ml distilled water at days: 1, 21, 73, 77, 97 and 
174. After filtering through medical gauze, the 
extracts were stored at -20°C until usage and, 
after thawing, extracts were analysed for am-
monium, nitrate, nitrite and soluble inorgan-
ic phosphorus. For enzyme kinetics and pH 
measurements, > 1 g subsamples were frozen 
immediately at -20°C in reaction tubes. Imme-
diately before analysis, samples were thawed 
at room temperature and weighed into 96-well 
filter plates (AcroPrepTM 96-filter plate, 350 
µl, 30-40 μm PP/PE non-woven media, Pall, 
Life Sciences, Crailsheim, Germany), with ca. 
100 mg (± 5 mg) of soil sample per well. For 
pH analysis, 200 µl ultrapure water (Millipore, 
Merck, Darmstadt, Germany) was added into 
each well and shaken (500 rpm) for 30 min. 
Afterwards, the liquid was transferred to a 250 
µl transparent 96 well plate using a vacuum 
manifold for microplates and frozen at -20°C 
if not analysed immediately. The wet soil left 
in the filter plates was subsequently used for 
the determination of enzyme kinetics.
4.3 Materials and Methods
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4.3.3 Colorimetric nutrient analyses 
of the soil solution
All colorimetric methods were executed in 
96-well plates, which were then read in a mi-
croplate reader (Rainbow, Tecan, Männedorf, 
Switzerland). For each single assay day or 
microplate, a separate calibration curve was 
prepared in triplicate. The calibration curves 
were prepared with the respective salts (KH-
2PO4, (NH4)2SO4, KNO3) as serial dilutions in 
ultrapure water. Ammonium was determined 
using a modified Berthelot reaction (Cruz 
and Martins-Loução, 2000), nitrate and nitrite 
with the VCl3/Griess method as described by 
Hood-Nowotny et al. (2010). Soluble inorgan-
ic phosphorus was analysed using a malachite-
green based microscale method employed as 
described by D´Angelo et al. (2001).
4.3.4 pH analysis
For pH analysis, a novel method was devel-
oped, based on a colorimetric microscale 
method (Newman et al. 2012) using Yamada 
Universal Indicator dye (UI), which was pre-
pared by dissolving 62 mg methyl red, 250 mg 
bromothymol blue, 25 mg thymol blue and 500 
mg phenolphthalein in 500 ml ethanol. The pH 
was adjusted to 7 with sodium hydroxide and 
the resulting solution made up to 1 l with H2O 
(dest.) and stored in the dark at room tempera-
ture. To start the analysis, 20 µl soil solution 
derived from the filter plates (see above) was 
mixed with 60 µl H2O (dest.) and 20 µl UI, 
mixed thoroughly on the mixer (800 rpm) and 
absorption then immediately measured at two 
wavelengths: 545 and 615 nm, which were 
wavelengths chosen in preexperiments (data 
not shown). In brief, various pH calibration 
solutions (pH 4, 5, 6, 7, 8, 9 and 10, produced 
with NaOH and HCl in H2O dest.) were meas-
ured at all wavelengths between 400 and 700 
nm in 5 nm steps. The resulting absorption 
curves were then correlated with the pH of the 
calibration curves using a partial least squares 
regression approach (see: “statistical analysis” 
below), which showed a range of wavelengths 
as potential predictor variables. To simplify 
the process, only two wavelengths were cho-
sen: 615 nm because it showed the largest 
amplitude of absorption between the different 
calibration solutions and 545 because absorp-
tion values were the most different to 615 nm. 
The final linear model for pH prediction was 
created as: pH ~ eabs(615)/ abs(545) and had a corre-
lation coefficient of r = 0.946 (p < 0.001).  To 
check for interference with higher salt concen-
trations, calibration solutions were also made 
in 1 M KCl and measured as described above. 
Correlation between both was r = 0.999 (p < 
0.001), thus the H2O calibration curve was 
used to predict the samples obtained. 
4.3.5 Fluorometric analyses
Enzyme kinetics were determined on the wet 
soil remaining in the filer plates (see above) 
for the enzymes N-acetylglucosaminidase, 
β-glucosidase and acid phosphatase using 
fluorogenic substrates with 4-Methylumbel-
liferyl (MU) as fluorescent functional group. 
The substrates MU-N-acetylglucosamine, 
MU-β-glucoside and MU-phosphate as well 
as MU were prepared as 10 mM stock solu-
tions in 2-Methoxyethanol and kept at -20°C 
in the dark until usage. MU calibration solu-
tions (0, 10, 20, 30 and 40 µM) and working 
solutions for the substrates (0, 62.5, 125, 250, 
500, 1000 µM) were prepared in a 0.1 M MES 
incubation buffer (2-[N-Morpholino]ethane-
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sulfonic acid, pH 6.1 with NaOH). 
To create a MU calibration curve per soil sam-
ple, 200 µl per well of incubation buffer (IB) 
was added and fluorescence was measured at 
364 nm excitation and 450 nm emission in 
a fluorescence microplate reader (BIOTEK 
FLx800, BioTek Instruments, Winooski, 
USA), setting the gain to 55. Subsequently, 
vacuum was applied to remove the IB and 
200 µl of the calibration solution with low-
est concentration (here 62.5 µM) was added. 
After brief shaking on the microplate shaker 
(500 rpm), fluorescence was measured and 
the calibration solution removed by applying 
vacuum. After washing the wells with IB, the 
next higher concentration was applied and the 
procedure repeated until the highest concen-
tration point was reached. In order to wash out 
the MU solution, soil samples were washed 
with ethanol (80 % in H2O dest.), as ethanol 
was reported to quantitatively remove MU 
from soil and sediment (Boschker and Cap-
penberg, 1994) and because it did not interfere 
with soil enzyme activity (data not shown). 
Washing with ethanol was repeated until the 
baseline values of soil and IB were reached 
and IB added to start the enzyme kinetic meas-
urements. 
Similar to the calibration curve, substrate was 
added in increasing concentrations, washing 
with IB between incubation steps. For each 
step, the samples were incubated for 30 min 
with the respective substrate concentration and 
measured at the time points 0, 5, 10, 15, 20, 
25 and 30 min. The values obtained for each 
sample were then used in a linear model to cal-
culate product increase over time (nmole MU 
min-1) per substrate concentration. This reac-
tion rate was calculated for each concentration 
and then correlated with substrate concentra-
tions used with a nonlinear model following 
the Michaelis Menten equation to estimate 
apparent substrate affinity (KM) and apparent 
maximum rate of activity (Vmax) for each sam-
ple. Before estimation, each saturation curve 
was checked visually to avoid artefacts.
4.3.6 Statistical analysis
Statistical analysis was performed using R ver-
sion 3.3.2 (R Core Team, 2016) using package 
“stats”, if not stated otherwise, and executed 
on RStudio IDE version 1.0.136. Additional 
packages used were: “Hmisc” (Harrell et al., 
2017), “lawstat” (Hui and Gastwirth, 2008), 
“lmtest” (Hothorn and Zeileis, 2013), “auto-
pls” (Schmidtlein et al., 2012) and “minpack.
lm” (Elzhov et al., 2016). Pairwise compari-
sons between groups were calculated using 
pairwise Wilcoxon Rank Sum Tests with Bon-
ferroni - Holm correction. Linear regressions 
were performed after verifying assumptions 
using the Breusch-Pagan Test for homosce-
dasticity and the Shapiro-Wilk Normality Test 
on the regression model residuals. If assump-
tions were violated, spearman correlations 
were employed. The non-linear models (e.g. 
Michaelis Menten kinetics) were estimated 
using the nlsLM() function from the “min-
pack.lm” package. Partial least squares with 
automatic model selection from the “autopls” 
package was used for predicting the wave-
lengths best describing pH in the soil solution 
and for selecting variables best explaining fi-
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rates in the CL treatment (37 %). At day 174, 
CO and soil values converge at 27 %, while 
net nitrification rates in the CL treatment are 
significantly higher at 54 %. By employing a 
PLSR on the last nitrification values (d 174) as 
a proxy for final nitrification rates, of 9 vari-
ables employed for selection (PO4
3-, N:P ratio, 
pH, and apparent Vmax and Km values of all en-
zymes measured), PO4
3- and apparent Km val-
ues of N-acetylglucosaminidase were selected 
as the main variables explaining the final net 
nitrification rates (r2 = 0.44). Both variables 
were also correlated with the % of NH4
+ - N 
nitrified, with a stronger correlation found be-
tween NH4
+ - N nitrified and PO4
3- (figure 4.5, 
a) than for apparent Km values of N-acetylglu-
cosaminidase (figure 4.5, b).
Figure 4.4 Amount of NH4
+ - N nitrified to NO3- after adding 
50 mg NH4
+ per kg soil. 
Letters indicate differences between treatments (pairwise Wil-
cox test, n = 5, p < 0.05).































Figure 4.5 Correlations of NH4
+ - N nitrified to NO3- at day 174 with PO4
3- concentration and apparent Km of Nag = N-acetyl-
glucosaminidase
(a) Pearson correlation of NH4
+ - N nitrified to NO3- at day 174 and PO4
3- concentration.
(b) Pearson correlation of NH4
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4.5 Discussion
As expected, green waste compost (GWC) ap-
plication increased soil organic matter concen-
trations, which is accordance with literature 
(e.g. Mugnai et al., 2012). GWC additions 
also led to decreased mineral N (both NO3
- and 
NH4
+, figure 4.1 a, b), probably by immobiliz-
ing N in the microbial biomass (Vaughan et 
al., 2011). After addition of 50 mg NH4
+ per kg 
soil, there was a rapid increase in NO3
- detect-
able, with the largest absolute concentrations 
measured in the control soil. While net nitri-
fication was high, the setup of the experiment 
did not allow to conclusively determine gross 
nitrification rates, as gross nitrate consump-
tion was not measured and potential nitrate 
immobilization by the microbial community 
can be very high in certain soils (Stark and 
Hart, 1997). In terms of ammonium concen-
trations, both treatment soils showed a rapid 
decline and reached minimum concentrations 
already after 19 days, whereas the control soil 
reached minimum concentrations only after 
97 days (Fig. 1 b). This could be due to low 
activity of ammonium oxidizing bacteria in 
the control soil, which might have been in-
troduced in both treatment soils by the GWC 
addition (Thangarajan et al., 2015). Interest-
ingly, while the absolute concentrations of 
NO3
- were the highest in the control soil at the 
end of the experiment, the largest increases in 
NH4
+ nitrified after the addition of 50 mg NH4
+ 
per kg soil were found in the compost-litter 
(CL) treatment, with similar rates for both 
control soil and compost amended soil (CO) 
(figure 4.4). This could be a further indication 
for the presence of soil microorganisms from 
the invasives’ species topsoil, which survived 
the mesothermic composting process, as it is 
known that A. longifolia topsoil exhibits far 
higher potential nitrification rates than non-
invaded soil (Marchante et al., 2008).  On the 
contrary, there was a slowing effect on nitri-
fication in the CO treatment, which could be 
connected to the introduction of carbon (C) 
rich material lacking sufficient available N 
for its own degradation, thus immobilizing 
N and making it unavailable for nitrification 
(Vaughan et al., 2011). Indeed, both amend-
ments used here exhibit high C:N ratios, which 
make them materials with high potential to 
immobilize N (Chaves et al., 2005).
Apart from the immobilization itself, there 
might be other factors explaining differences 
in nitrification and mineral N concentrations 
in general. Of great importance for nitrifica-
tion is for example soil pH, as the substrate for 
the ammonia monooxygenase enzyme, which 
is responsible for the initial step in ammonia 
oxidation, is NH3 and not NH4
+, posing serious 
problems for nitrification in acid soil environ-
ments (Norton and Stark, 2011). Using a novel 
colorimetric method for pH determination, we 
were able to follow pH changes in the samples 
also used for enzymatic activity (EA) meas-
urements (figure 4.3 a). While pH values were 
acidic in general (< 4.5), they were especially 
low in the control soil, which could explain 
lower nitrification rates. Particularly after am-
monium addition, pH values further dropped, 
however, nitrification has been reported to oc-
cur in soils as acidic as pH 3 (De Boer and 
Kowalchuk, 2001), which was not reached in 
the course of this experiment. 
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Contrary to the pH values, which showed a 
similar trend in the control soil as well as in 
the treatments, EA assays showed opposite 
trends between control soil and treatments 
(figure 4.3 b, c, d). In general, Km and Vmax 
values were highly correlated, which is com-
mon in ecological studies of enzymology, as 
enzymatic substrate turnover in complex mi-
crobial populations does not follow Michae-
lis Menten kinetics (Williams, 1973). This 
is mainly attributed to control mechanisms 
linked to substrate availability and microbial 
interactions, operating from molecular to pop-
ulation level (Lugtenberg et al., 2002) and thus 
values obtained here are termed “apparent Km” 
and “apparent Vmax”. Generally, apparent Km 
is considered a “relative measure of substrate 
concentration” and apparent Vmax a “relative 
measure of enzyme abundance” (Wallenstein 
et al., 2010). In the experimental setup used 
here, no further substrates were added after set-
ting up the incubation, therefore any changes 
in apparent Km or Vmax could only be attributed 
to the degradation of existing biomass. Indeed, 
both treatments showed consistently higher 
apparent Vmax, indicating higher enzyme abun-
dance and thus microbial activity. This further 
substantiates the hypothesis of N immobiliza-
tion by microbial growth while also indicating 
improved soil quality (Dick, 1994). Especially 
apparent Vmax of β-glucosidase, which is al-
ready lower in the control soil at the beginning 
of the experiment, decreases further along the 
experiment, a change that could be explained 
by the strong pH dependence of this enzyme 
(Acosta-Martinez and Tabatabai, 2000). How-
ever, if that were the case, acid phosphatase 
should increase in activity (Acosta-Martinez 
and Tabatabai, 2000) and the opposite pattern 
was observed (figure 4.3 b). Also N-acetylglu-
cosaminidase activity, a marker for fungal ac-
tivity in the soil (Miller et al., 1998), declines 
(figure 4.3 c), thus indicating that the decreas-
es in apparent Vmax are probably related with 
diminished enzyme abundance due to the re-
duction in overall degradation activity. In con-
trast, apparent Vmax of acid phosphatase and N-
acetylglucosaminidase do increase along time 
in the CO treatment and while apparent Vmax 
does not change in the CL treatment along 
time, it is not statistically different from the 
CO treatment at any time. The increase in Vmax 
and in Km of N-acetylglucosaminidase should 
therefore be mainly due to higher microbial 
activity derived from microbial degradation of 
the introduced biomass. This is in accordance 
with the usage of N-acetylglucosaminidase 
activity as a proxy for N mineralization (Eken-
ler and Tabatabai, 2002) and, as the degrada-
tion of C rich material requires both N and P 
to proceed (Manzoni et al., 2010), connects 
with the higher acid phosphatase activities ob-
served. 
Indeed, the phosphate concentrations were 
similar between all treatments until the ad-
dition of ammonium (figure 4.2 a) but then 
they decreased markedly in the CO treatment 
and the control soil compared to the CL treat-
ment. This could suggest a lack in available 
phosphate, which is an indication further sub-
stantiated by the strong increase in soluble 
N:P ratios in the control soil (figure 4.2 b). 
While it is difficult to conclude N or P limita-
tion just from soluble soil nutrient status, it is 
known that N:P ratios above 30 suggest strong 
P limitation in algae (Rhee, 1978), a value far 
exceeded at the final time point in the control 
soil. That P limitation might be an important 
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factor for organic matter degradation in this 
experiment is also substantiated by the cou-
pling of phosphate concentration to the final 
nitrification rates (figure 4.5 a). This finding 
is in line with potential P limitation by the ni-
trifying microbial community in P poor soils 
(He an Dijkstra, 2015), as microbial growth 
requires large amounts of P for RNA produc-
tion during degradation activity (Franklin et 
al., 2011). Apart from the correlation with 
phosphate, only Km of N-acetylgucosamini-
dase was correlated with the final nitrification 
rates. N-acetylgucosaminidase is an enzyme 
highly correlated with fungal activity (Miller 
et al., 1998), which are known to be able to 
perform heterotrophic nitrification, especial-
ly under acidic soil conditions (De Boer and 
Kowalchuk, 2001). As fungi are also prolific 
P scavengers with efficient phosphatases for a 
variety of organic P compounds (Tarafdar et 
al., 2001), it might be assumed that fungi are 
the most important players in the nitrification 
pattern observed, at least in the latter stage of 
the experiment. Thus, they might also be the 
main organisms involved in the prior process 
of N immobilization and should be further 
investigated in terms of community structure 
and functional traits to understand the mecha-
nisms at work and how to employ them for a 
selective nutrient supply to crop plants.
In conclusion, the methods for pH and enzyme 
kinetics profiling showed good preliminary re-
sults. Apart from leaving the soil sample in-
tact, this novel method for enzymatic analy-
sis allowed for a high throughput analysis of 
small soil samples and could be combined 
with prior nutrient extraction directly from the 
filter plates. The colorimetric pH analysis in 
turn, apart from also being useful in combi-
nation with the enzymatic method, can also 
help to screen soils from very heterogenous 
environments and could precede a more es-
tablished method, such as the more time con-
suming measurement with an electrode. While 
both methodologies need to be further tested 
in various other soils before large scale im-
plementation, they could allow to analyse soil 
microsites in a time effective matter, thus in-
creasing resolution in soil enzymatic tests.
Using these methods, together with other high 
throughput colorimetric assays for nutrients in 
soil extraction, we were able to assess some 
benefits and potential pitfalls of A. longifolia 
GWC application in nutrient poor sandy soils. 
While soil quality, as measured by enzymatic 
activity, clearly increased upon treatment and 
also increased pH and P availability was ob-
served, there are still open questions regard-
ing the microbial mechanisms, especially ob-
served in the CL treatment. However, the GWC 
application as soil amendment could poten-
tially decrease nutrient leaching, decrease the 
demand in mineral fertilizer and increase soil 
health. In order to achieve this, more studies 
will be needed to predictably immobilize and 
remobilize N and P in an agricultural setting, 
benefitting soil microorganisms, the crop and 
the surrounding ecosystems at the same time.
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5.1 Abstract
Global urbanization leads to the loss of periur-
ban farming land and increases dependency 
on distant agriculture systems. This provokes 
greenhouse gas emissions associated with 
transportation and storage while disconnect-
ing nutrient cycles, as urban organic waste is 
not recycled into the agricultural system. Ur-
ban food production based on composted lo-
cal biomass could reduce these problems, but 
currently used hybrid crops rely strongly on 
inorganic fertilizers. On the contrary, open-
pollinated varieties were bred for productivity 
under organic fertilization, such as compost.
Hypothesising that open-pollinated varieties 
retain high nutritional value under low nu-
trient conditions, a commercial hybrid and a 
local open-pollinated variety of maize were 
cultivated in non-fertilized soil and under two 
compost applications: Municipal compost as 
high nutrient input or locally produced green 
waste compost and municipal compost mix, as 
medium nutrient input. Unfertilized plots ex-
hibited low grain production (1.9 t ha-1), but 
yields under green waste compost/municipal 
compost (6.1 t ha-1) and municipal compost 
(7.8 t ha-1) treatments were comparable to ob-
servations from maize under inorganic ferti-
lization. Contrary to the commercial variety, 
the open-pollinated variety exhibited higher 
grain micronutrient concentrations, e.g. 220% 
higher zinc concentrations and lower accumu-
lation of heavy metals, e.g. 74% lower nickel 
concentrations. This variety-related effect was 
found in all treatments and was independent 
of soil micronutrient concentrations. In con-
clusion, both compost mixes were effective in 
increasing grain yield in both maize varieties. 
However, the open-pollinated variety pro-
duced grain with higher nutritional values in 
soil and all treatments, indicating it is poten-
tially better suited for compost-based sustain-
able urban agriculture.
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5.2 Introduction
Global society reached a turning point in 2007 
when urban populations exceeded the popula-
tion living on the countryside (United Nations, 
2010), a trend which is expected to continue as 
cities become polycentric and new peri-urban 
centres emerge close to existing urban conur-
bations (Satterthwaite et al., 2010). This de-
velopment has far reaching consequences for 
the lives of people in the urban environment. 
In general, urbanization leads to improved liv-
ing standards and life expectancy, however, it 
also becomes increasingly challenging to cre-
ate resilient urban food supply systems, with 
subjects such as malnourishment as well as 
food and nutrition insecurity being pending 
issues in urban environments (Knorr et al., 
2018).
Peri-urban farming might be a viable option 
to produce food close to urban agglomerations 
and relieve some of the problems of urban nu-
trition, however, the rate of expansion of most 
cities worldwide exceeds urban population 
growth, which has intensified the competition 
for nearby agricultural land (Seto and Raman-
kutty, 2016). The increasing distance between 
food production and urban consumption sites 
gives rise to a vast infrastructure needed to dis-
tribute and store food while increasing green-
house gas emissions (GHG) and food waste 
(Bloem and de Pee, 2017). Another large 
part of urban waste is organic waste originat-
ing from urban green spaces such as gardens, 
parks and wastelands, which together consti-
tute the largest source of municipal solid waste 
(Reyes-Torres et al., 2018). This green waste 
is not only composed of pruning from planted 
species, but is also increasingly derived from 
invasive plant species, which rapidly domi-
nate invaded ecosystems and threaten native 
species found in urban landscapes (Alvey, 
2006). Removing this biomass can decrease 
invasive species pressure, while providing an 
important source of biomass. However, as ur-
ban green waste has a low bulk volume and 
little economic value, it is commercially unap-
pealing and expensive to collect and process, 
thus most often this waste ends up almost en-
tirely in landfills on former agricultural land 
(Adhikari et al., 2010), with further conse-
quences for water quality and GHG emissions. 
A possible contribution to solve the issues of 
waste management and urban food security 
at the same time is to compost organic urban 
waste. This process also has great potential in 
diminishing GHG emissions, as compost can 
be used as soil amendment, increasing soil 
organic matter (SOM) concentrations while 
sequestering carbon (Bong et al., 2017). In-
creased SOM concentrations additionally help 
to maintain soil structure and reduce nutrient 
leaching, and can turn degraded urban sites 
into productive farmland (Beniston et al., 
2016). Thus, municipal waste compost (MC) 
could help to create a clean, zero-waste system 
where resources are reused for urban and peri-
urban farming (Lim et al., 2016). While MCs 
often exhibit a high nutrient content (Cerda 
et al., 2017), other frequently used composts, 
such as green waste compost (GWC) are poor 
in macronutrients essential for plant growth 
(Reyes-Torres et al., 2018). Nevertheless, 
GWC has many beneficial aspects as an or-
ganic soil amendment, such as high recalci-
trance, high C:N ratios as well as low heavy 
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metal pollution. Due to these characteristics, 
mixing GWC into contaminated urban soils 
can decrease heavy metal loads (Fitzstevens et 
al., 2017). This could be of interest in urban 
agriculture, as high-nutrient urban composts, 
such as MC, often also exhibit high levels of 
contaminants and heavy metals, which accu-
mulate along the food chain (Wei et al., 2017). 
While there is substantial work available on 
mixing feedstock for GWC production with 
nutrient-rich material, such as manure, food 
waste or inorganic fertilizers in order to de-
crease composting time or improve compost 
quality itself (Reyes-Torres et al., 2018), only 
recently GWC with subsequent fertilizer com-
binations were assayed for peri-urban food 
production, with promising results (Eldridge 
et al., 2018). However, there are still many is-
sues to address, for example, usage of com-
post with low nutrient content, such as GWC/
MC mixes, can lead to yield reduction if used 
without chemical fertilizer on very nutrient de-
manding crops, such as tomato (Ribas-Agustí 
et al., 2017). In some pedo-climatic condi-
tions, the addition of MC might lead to lower 
yields compared to conventional farming, at 
least when considering short term compost 
application (Forte et al., 2017). On the other 
hand, after an initial decrease in maize yield 
in the first year of application, pure GWC/ 
MC treatments can perform better along time 
than conventional farming or even mixtures of 
GWC/MC with additional inorganic fertilizer 
(Bedada et al., 2014). Also, while lower yields 
in organic agriculture working with compost 
might be inherent, there is also ample evi-
dence that food produced using only organic 
amendments is more nutritious (Rahmann et 
al., 2017). This is of increasing importance 
for urban populations, as there remain serious 
deficiency problems for nutritionally essential 
micro-nutrients, even in heavily industrialized 
countries (FAO, 2013).
Even though micronutrient deficiency in ur-
ban centres remains a problem, genetic crop 
selection is still mainly aimed at increasing 
growth and yield in food crops, with an asso-
ciated decrease in micronutrient and vitamin 
concentrations in the edible portion of the 
plant, the so-called “dilution effect” (Marles, 
2017). This effect is long known and most no-
ticeable in high yielding staple crops of global 
importance, such as maize, which accounts for 
20% of the global food calories (Pixley and 
Bjarnason, 2002). Also, modern commercial 
food crops were bred to exploit an abundance 
of nutrients to produce high yielding growth 
(van Bueren et al., 2011), while in contrast, 
many of the more traditional, open-pollinated 
varieties (OPV) were bred to maintain yields 
and nutrient concentrations also in low-input 
agricultural systems (Patto et al., 2008). Thus, 
the biofortification (increase in nutritional val-
ue) of staple crops, such as maize, has become 
a pending issue and recently, OPVs were rec-
ognized for being valuable genetic sources for 
this undertaking (Puglisi et al., 2018). Taking 
these observations about plant nutrition into 
account, research into increased recycling of 
nutrients from society (Röös et al., 2018) and 
the selection of crop varieties accustomed to 
low-input farming (Tsvetkov et al., 2018) are 
research goals of utmost importance to im-
prove sustainability in (urban) agriculture.
With these major topics in mind, the work pre-
sented here joins nutrient recycling through 
composting with the prospect of OPVs of 
maize (Zea mays) as potentially biofortified 
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varieties. In the urban context of constrained 
space, high growth rates and yields are essen-
tial to turn food production relevant, however, 
to also be sustainable, plant nutrition needs to 
rely on locally available sources. In a novel 
approach both of these aspects were assessed 
simultaneously by growing a commercial hy-
brid variety and an OPV solely on MC and 
GWC as nutrient sources and subsequently 
measuring yield and mineral nutrition. The 
treatments consisted of either non-fertilized 
local soil or two types of nutrient applications: 
either MC alone as a high nutrient input, or 
mixed with GWC as a lower nutrient input 
treatment. Apart from exhibiting lower nutrient 
concentrations, it was also assumed that GWC 
might have lower heavy metal concentrations. 
As the GWC employed was derived from a 
local invasive species (Acacia longifolia), it 
represents, to our knowledge, the first test of 
compost from this feed- stock as an organic 
soil amendment for maize. Plant vegetative 
and grain yield as well as soil and grain mi-
cro and macronutrients were measured using 
inductively coupled plasma-optical emission 
spectroscopy as a state of the art methodology 
for ionomic profiling (Jaradat and Goldstein, 
2018) and the data sets analysed using mod-
ern multivariate and univariate techniques. 
Putting forward the hypothesis that while the 
compost treatments would in general increase 
maize yield, it was also postulated that the 
OPV exhibits higher grain nutrient concentra-
tions than the commercial variety, thereby pu-
tatively rendering it a more suitable option for 
this type of agriculture.
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5.3.1 Sample dates, setup and 
preparation
The study site is located within the Permacul-
ture Living Laboratory (“PermaLab”) on the 
campus for Faculty of Science at the Univer-
sity of Lisbon (38°45´29.30´´N, 9°9´30.40´´ 
W), and measures approximately 30 m by 10 
m. It was divided into 16 smaller plots, each 
measuring 4 m2. An automatic drip feed sys-
tem (GREENTEC, AZUD, Spain) regulated 
equal water supply to each of the sub-plots 
throughout the growing period. Aside from the 
control plots, different mixtures of composts 
were applied superficially to the other plots 
and the top 20 cm of soil horizon mixed with 
the respective composts using a gasoline tiller 
(GM 105FQSTYLE, Chongqing Jiamu Ma-
chinery Co. Ltd, China). The MC used in this 
study was bought from the company Valor-
Sul in Lisbon and is derived from food waste 
which is anaerobically digested for biogas 
production and then composted using wood 
chips as a bulking agent (ValorSul, 2018) 
(Class IIA from Decreto-Lei no 103/2015). 
GWC for the GWC/MC treatments was pre-
pared on site from Acacia longifolia plant ma-
terial (Ramos, 2016). In brief, plant material 
was harvested and ground mechanically into 
pieces < 10 cm and then composted in custom 
made bioreactors. The bioreactors were build 
from ROOFMATETM (DOW, 2018) extruded 
polystyrene foam insulation sheets of 5 cm 
thickness, which were joined using poly- ure-
thane foam adhesive spray and sealed with 
acrylic to maintain temperature and humidity 
constant. Compost was cured for 40 days in 
controlled mesophilic conditions (40 - 53°C), 
keeping volumetric water content above 40%. 
Final mature composted material had: 1.5 N 
%, 48.0 C % and a C:N ratio of 34.3.
The extrapolated amount of compost applied 
in all cases was 2812.5 m3/ha, based on ex-
periments from Brito et al. (2015), who used 
Acacia longifolia compost mixed with other 
substrates and soil as horticultural growth 
substrates (50% v/v). The MC treatments 
were prepared by adding 2812.5 m3/ha MC to 
the plots and the GWC/MC treatments were 
prepared by mixing in 937.5 m3/ha of mature 
GWC with 1875 m3/ha of MC before appli-
cation. After compost application, the experi-
mental plots were left to settle for one week 
and maize grain then sown in rows by hand to 
a depth of 1 cm, at a density of 5.5 plants/m2 
towards the end of June 2016. No biocides or 
mechanical clearing were applied during the 
course of the experiment and all plots received 
equal amounts of tap water by drip irrigation. 
At the end of the growing season (first week 
of October), plant height and amount of ears 
were determined and aboveground biomass 
of all plants was harvested and separated out 
in to stems, leaves, ear husks, cobs and grain. 
The material from each plant was air-dried at 
room temperature and weighed. To account for 
interference from air humidity, sub- samples 
were taken and dried in an oven at 60°C until 
constant weight to extrapolate total dry weight 
per plant. Plant height, number of ears and dry 
weight of plant and grain mass were treated 
as pseudo replica, pooled per plot and sub-
sequently their mean was used for statistical 
analysis. If any plant was damaged by adverse 
conditions, like wind or animal interference, 
5.3 Materials and methods
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etc. it was removed from analysis, however, 
there were never less than 6 plants pooled per 
plot. This way, the true replicates per plot and 
variety were: nControl = 5; nMC = 5; nGWC/MC = 3. 
Nutrient analysis were done on pooled grains 
per variety per plot and to assess single ker-
nel weight, kernels were grouped by variety 
and the weight of a single kernel calculated by 
extrapolating from weighing 36 batches of 10 
kernels each.
5.3.2 Plant variety and phenology
The maize varieties used in this experiment 
were a commercial hybrid variety (SY Sin-
cero, Syngenta, Portugal), termed “commer- 
cial variety” later in the text, and a traditional, 
regional OPV called “pata-de-porco multi-
colorido”, which describes its multi-coloured 
kernels and ear fasciation.
5.3.3 Soil collection, preparation and 
organic matter analysis
At the end of September 2016, 3 topsoil sub-
samples were taken from each plot to a depth 
of 10 cm from the surface and mixed thor-
oughly to obtain a pooled sample. The col-
lected soil was sifted through a 2 mm sieve 
and then dried at 60°C until constant weight 
before being transferred to a muffle furnace 
(L3 Nabertherm, Lilienthal, Germany) for 6 h 
at 600°C to determine the soil organic matter. 
This process was followed by further exposure 
for 2 h at 950°C to determine the carbonate 
content on loss of ignition in accordance with 
the method described in Heiri et al. (2001). Fi-
nally, each sample was ground to produce a 
powder using a ball mill (Mixer Mill MM 400, 
Retsch, Germany) in preparation for isotopic 
and ionomic analysis.
5.3.4 Ionomics, total carbon, nitrogen 
and stable isotope analysis
Ionomics values for each of the plants were 
determined using inductively coupled plasma 
optical emission spectrometry (ICP- OES; 
Thermo Elemental Iris Intrepid II XDL; Frank-
lin, MA, USA) after a microwave assisted di-
gestion with HNO3:H2O2 (4:1, v:v) in the Io-
nomics Service of the Centro de Edafología y 
Biología Aplicada del Segura (CEBAS-CSIC, 
Spain) following ISO/IEC guidelines (UNE- 
EN ISO/IEC 17025, 2018).
Stable isotope ratio analyses were also meas-
ured at the Stable Isotopes and Instrumental 
Analysis Facility (SIIAF), Centre for Ecol-
ogy, Evolution and Environmental Changes 
(cE3c), located in the Faculty of Sciences, 
University of Lisbon - Portugal. Values for 
δ13C and δ15N were determined for each sam-
ple using continuous flow isotope mass spec-
trometry (CF-IRMS), on a Sercon Hydra 20-
22 (Sercon, UK) stable isotope ratio mass 
spectrometer, coupled to a EuroEA (EuroVec-
tor, Italy) elemental analyser for online sample 
preparation by Dumas-combustion (Preston 
and Owens, 1983). A delta Calculation was 
performed according to δ = [(Rsample - Rstand-
ard)/Rstandard] * 1000, where R is the ratio be-
tween the heavier and lighter isotopes. In the 
analysis, δ15NAir values refer to concentrations 
found in air, and δ13CVPDB values are referred 
to as PDB (Pee Dee Belemnite). The reference 
materials used were Sorghum Flour Standard 
OAS and Wheat Flour Standard OAS (Ele-
mental Microanalysis, UK), for nitrogen and 
carbon isotope ratio (where δ15NAir (Sorghum 
Flour OAS) = 1.58±0.15‰, δ15NAir (Wheat 
Flour OAS) = 2.85±0.17‰, and δ13CVPDB (Sor-
ghum Flour OAS) = 13.68±0.19‰, δ13CVPDB 
Chapter 5 -  Sustainable urban agriculture using compost Page 89
(Wheat Flour OAS) = 27.21±0.13‰) (Cole-
man and Meier-Augenstein, 2014). The level 
of predicted uncertainty in the observed value 
for the isotope ratio analysis was ≤0.1‰ and 
calculated using the results from 6 to 9 repli-
cates of secondary isotopic reference material 
(wheat flour, δ15NAir = 2.88±0.19‰, δ
13CPDB 
= 27.27±0.19‰), which were interspersed 
among samples in every batch analysis. The 
major mass signals for N and C were used to 
calculate total N and C abundances, using Sor-
ghum Flour Standard OAS and Wheat Flour 
Standard OAS, with 1.47% N, 46.26% C and 
1.47% N, 39.53% C respectively, as elemental 
composition reference materials (Elemental 
Microanalysis, UK).
5.3.5 Statistical analysis
Plant traits (Height, Plant Weight, Grain 
Weight, Ears) were measured for each plant 
to provide a mean value calculated for all 
plants per plot. Stable isotope ratio and Io-
nomic analyses were performed on aggregated 
sample data for each plot. Statistical analyses 
were performed with the package “stats” using 
version R 3.3.2 (R Core Team, 2016) and ex-
ecuted on RStudio (IDE version 1.0.136). Ad-
ditional packages used were: “Hmisc”, “law-
stat”, “lmtest” and “FactoMineR” (Lê et al., 
2008). Pairwise comparisons between groups 
were calculated using Pairwise Welch’s t-test 
with Bonferroni - Holm correction. If only 
two groups were compared, Welch’s t-test was 
used. Normality assumptions for group wise 
comparisons were verified using the Shapiro-
Wilk Normality Test. If the normality assump-
tion was violated, data was transformed to log 
or square root values. Linear regressions were 
performed after verifying assumptions using 
the Breusch-Pagan Test for homoscedasticity 
and the Shapiro-Wilk Normality Test on the 
regression model residuals. Figure 5.3 is a 
network plot created from a spearman correla-
tion matrix. Figure 5.4 is based on an RV co-
efficient matrix, generated by using the pack-
age FactoMineR to highlight relationships 
between groups of variables. For multivariate 
explorative data analysis of grain and plant 
traits, a multiple factor analysis (MFA) was 
employed, using plant traits, grain nutrients 
and the two factors treatment type and plant 
variety as input (figure 5.5).
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5.4.1 Soil changes
The topsoil conditions in all the study plots 
were significantly altered by the compost ad-
dition (table 5.1). Apart from SOM, the quan-
tities of total C and N were both ca. 10-fold 
higher in the treatment plots than in the con-
trol. For most macro- and micronutrients, soil 
amended with MC exhibited higher nutrient 
levels than with GWC/MC, whilst the control 
soil plots recorded the lowest values for all nu-
trients except for K and Mn, where no signifi-
cant difference was found. The original soil in 
the study plot had lower than average levels 
of N and S for the city (0.31% and 0.05%, re-
spectively) (Costa et al., 2012), while after the 
compost treatment macro- and micronutrient 
Table 5.1 Topsoil parameters (< 20 cm) of untreated soil (control), soil with municipal compost (MC) and soil with a mix of 
green waste compost and municipal compost (GWC/MC). 
Numbers depict means (nControl = 5; nMC = 5; nGWC/MC = 3) with standard errors in parentheses. Letters depict significant differ-
ences (pairwise Welchs’ t-test with holm correction; p < 0.05, values were square root transformed to conform with normality 




% SOM 16.99 (3.44)a 23.05 (2.07)a 5.69 (0.21)b
% Carbonate 3.55 (0.43)a 4.41 (0.34)a 2.06 (0.16)b
δ15N 10.7 (0.31)a 9.98 (0.35)a 5.52 (0.11)b
δ13C -24.13 (0.09)a -23.64 (0.2)a -20.14 (1.01)b
% N 0.9 (0.15)a 1 (0.08)a 0.12 (0.02)b




P 5.86 (1.48)b 9.72 (1.17)a 0.31 (0.02)c
K 3.79 (0.73) 4.22 (0.48) 4.07 (0.28)
Ca 34.77 (6.75)b 49.57 (4.94)a 12.22 (0.76)c
S 1.64 (0.37)b 2.43 (0.25)a 0.3 (0.01)c
Mg 3.57 (0.8)ab 4.57 (0.29)a 2.67 (0.26)b





B 11.15 (2.41)ab 14.35 (1.05)a 7.33 (0.48)b
Mn 145.96 (25.79) 174.48 (5.6) 180.61 (12.55)






Cu 29.66 (5.91)b 41.62 (2.76)a 16.33 (1.39)c
Mo 0.44 (0.09)a 0.53 (0.15)a 0.08 (0.05)b
Ni 10.19 (1.33) 11.08 (0.42) 12.76 (0.81)
Cd 0.37 (0.1)ab 0.55 (0.05)a 0.28 (0.02)b
Pb 19.32 (2.4) 19.59 (0.69) 22.21 (0.91)
Cr 44.31 (2.68) 44.12 (3.02) 43.47 (3.48)
As 0.33 (0.11) 0.95 (0.34) 0.16 (0.14)
5.4 Results and discussion
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concentrations far exceeded the mean concen-
trations reported for most Lisbon soils (Costa 
et al., 2012). Urban environments are often 
viewed as hostile to food crop production 
because of unnaturally high levels of heavy 
metals; particularly bulk lead (Fitzstevens et 
al., 2017). However, readings for heavy met-
als were unaltered by the treatments with the 
exception of Cd, which in the MC treatment 
showed levels twice as high as in the control 
plots, while for the plots treated with GWC/ 
MC, there was a moderate increase in Cd. In 
any case, heavy metal concentrations well be-
low the lower guideline values considered to 
be of risk to the ecology of soils and even for 
Cd, where soil with MC additions showed in-
creased values, ca. half of the threshold value 
of 1 mg Cd per g soil (Toth et al., 2016).
In the case of macronutrients, the largest dif-
ferences between treated and control plots 
were observed for P levels, which were 32 
times higher under MC treatment, and 20 times 
higher under GWC/ MC treatment. Most of the 
readings for macro- and micronutrient levels 
registered between 1.5 and 3 times higher in 
the MC treatment, with the exception of Mo, 
which was 7 times higher in the MC plots, and 
6-fold higher in the plots subjected to GWC/
MC treatment. However, even though GWC/
MC and MC treatments were effective in in-
creasing Mo concentrations, the values re-
corded here were nevertheless lower than Lis-
bon average values of 1.67 mg g-1 (Costa et 
al., 2012) and at the plant growth limiting end 
of soil Mo concentrations (Marschner, 2012).
5.4.2 Effects on plant biomass and 
nitrogen
In all experimental plots treated with compost 
the growth of maize plants and the accumula-
tion of biomass were significantly higher than 
they were in the control sites, irrespective of 
the variety used (figure 5.1, left). Similarly, 
grain yield was significantly higher in treated 
plots (figure 5.1, right), although, the com-
mercial variety grown in MC plots yielded 
higher grain counts than the OPV grown in 
GWC/MC plots. Based on the values dis-
played in figure 5.1 (grain yield per plant), the 
average grain yield for the OPV of maize was 
extrapolated to be 1.8 t ha-1 in the control plots; 
5.3 t ha-1in the GWC/ MC plots; and 7.2 t ha-1 
for soil treated with MC. For the commercial 
variety, the average grain yield was calculated 
at 2 t ha-1 in the control plots; 6.9 t ha-1 in the 
GWC/MC plots; and 8.3 t ha-1 in the MC plots. 
Thus, both maize varieties grown with com-
















































































Figure 5.1 Differences in plant and grain weight of both corn 
varieties in all treatments.
Boxplots describing the differences in vegetative plant weight 
(left) and grain weight (right) of both corn varieties (open-
pollinated and commercial) in all treatments (per variety: 
nControl = 5; nMC = 5; nGWC/MC = 3). Letters depict significant 
differences (pairwise Welch’s’ t-test with holm correction; p < 
0.05). GWC = Green Waste Compost; MC = Municipal Com-
post. OPV = open-pollinated variety, Comm. = commercial 
variety.
Chapter 5 -  Sustainable urban agriculture using compost Page 92
industrially produced transgenic or non-trans-
genic commercial hybrid varieties in Portugal 
(Skevas et al., 2010). By extrapolating from 
the yield data, ca. 22 m2 of compost-fed urban 
ground would be sufficient to produce enough 
maize in the period of 3 months to support one 
individual for the year, leaving the rest of the 
year to grow other crops.
Interestingly, while there were marked differ-
ences in plant weight and grain yield between 
treatments (F = 26.71, p < 0.001 for GWC/
MC plots; and F = 50.58, p < 0.001 for the 
MC plots), there was no clear evidence of 
significant differences in N concentrations in 
the grain between treated plots (F = 2.86, p 
= 0.081), but there was a significant differ-
ence in levels of N between the two varieties 
(F = 29.58, p < 0.001). Grain from the OPV 
yielded higher N concentrations in both con-
trol as well as all treated plots (table 5.2), in-
dicating higher protein content in this variety. 
The mean difference observed here (1.4 times 
more N in the OPV vs. the commercial varie-
ty) is in accordance with results found for oth-
Table 5.2 Nutrient concentrations in maize grain of plants growing in soil without treatment (Control), soil with municipal 
compost (MC) and soil with a compost-mix (GWC/MC) of green waste compost (GWC) and MC. 
All values are given in mg g-1, values in bold show significant differences between open-pollinated and commercial variety. 
Numbers depict means (per variety: nControl = 5; nMC = 5; nGWC/MC = 3) with standard errors in parentheses. Asterisks depict 
p-values (* = p < 0.05, ** = p < 0.01, *** = p < 0.001; Welch’s t-test, values were square root transformed to conform with 
normality assumption). OPV = open-pollinated variety, Comm = commercial variety. Significant differences between groups 
are shown in bold.
GWC/MC MC Control
OPV Comm. OPV Comm. OPV Comm.























































Ca 75.81 (6.41) 45.76 (8.68) 79.71 (6.07) 59.78 (7.05) 97.79 (9.29) 90.07 (9.80)
B 2.47 (0.14) 1.76 (0.04)* 2.49 (0.22) 1.67 (0.19)* 2.39 (0.18) 1.89 (0.08)*
Mn 19.93 (1.31) 10.89 (0.80)** 22.26 (1.02) 10.84 (0.41)*** 19.16 (1.58) 12.34 (0.45)**
Zn 53.36 (3.77) 23.28 (2.15)** 54.64 (1.75) 23.22 (1.14)*** 50.81 (5.16) 26.47 (1.27)**
Fe 30.90 (4.89) 23.74 (2.51) 39.68 (2.79) 29.67 (7.00) 31.88 (2.15) 21.94 (3.20)*
Cu 3.00 (0.04) 1.57 (0.07)** 3.45 (0.08) 1.66 (0.11)*** 3.20 (0.32) 1.76 (0.16)**
Mo 0.24 (0.11) 0.01 (0.01) 0.25 (0.08) 0.01 (0.01)* 0.23 (0.08) 0.00 (0.00)**
Ni 0.07 (0.05) 0.24 (0.14) 0.02 (0.01) 0.20 (0.07)* 0.20 (0.05) 0.51 (0.06)*
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er Portuguese OPVs, which reported up to 1.3 
times higher protein content in OPVs, com-
pared to hybrid varieties (Brites et al., 2010). 
This effect might be due to higher N use ef-
ficiency inherent to this variety, as OPVs of 
maize might be more resource efficient under 
low nutrient conditions (Omondi et al., 2014) 
and accumulate more protein (Flint-Garcia, 
2017). Similar to the pattern observed for N 
concentrations, K and P concentrations did 
not change in response to the treatments (F = 
0.0258, p = 0.974 and F = 0.5191, p = 0.603, 
respectively), but were significantly higher in 
the OPV kernels in all treatments (F = 100.64, 
p < 0.001 and F = 116.1389, p < 0.001, respec-
tively). While mean K concentrations found 
in the commercial variety (3645 mg g-1) are 
below values found in OPVs in another study 
(3745 mg g-1; Jaradat and Goldstein, 2018), 
the OPV observed here exhibits substantially 
higher K concentrations (5332 mg g-1). On the 
contrary, the P values observed in the com-
mercial variety are lower (2685 mg g-1) than 
what was observed in OPVs in the study men-
tioned above (3362 mg g-1; Jaradat and Gold-
stein, 2018), while they are higher than in the 
OPV observed in this study (4298 mg g-1). In 
contrast to K, where an increased concentra-
tion in OPVs kernels is a beneficial trait, high-
er P values can be potentially problematic if 
P is stored mainly as phytic acid. The ratio of 
free P in comparison to phytic acid was not 
measured, however, it is known from other 
OPVs that they can potentially exhibit high 
free P and low phytic acid levels (Puglisi et 
al., 2018v), rendering them more suitable as P 
source for human consumption.
While the OPV was apparently more efficient 
in nutrient acquisition, resource efficiency 
was not reflected in grain weights, with sig-
nificantly lower weights (Welchs’ t-test, p < 
0.001), for the OPV with 0.312 g (± 0.004 
SE), compared to the commercial variety, 
which yielded 0.347 g (± 0.005 SE) per grain. 
This is contrary to earlier reports indicating 
higher kernel weights for OPVs compared to 
hybrid varieties, however kernel weights were 
in general high in comparison to values ob-
served by other authors, ranging around 0.26-
0.28 g (Flint-Garcia, 2017). On the other hand, 
the increased grain weight in the commercial 
variety could be related to the dilution effect, 
which is known to occur in maize (Marles, 
2017). While in both varieties grain yield was 
clearly connected with the compost treatments 
(figure 5.1), only the grain of the commercial 
maize variety exhibited a linear, positive cor-
relation between grain N concentrations with 
SOM levels (figure 5.2). Thus, both varieties 
respond to fertilization with increased grain 



















































Open-pollinated variety● ● Commercial variety
Figure 5.2 Pearson correlation between grain nitrogen (N) 
content and soil organic matter (OM). 
Dark grey dots depict the open-pollinated variety, white dots 
the commercial variety. Only the commercial variety shows a 
significant correlation between soil OM and grain N concen-
trations (black line, 95% confidence interval and r2 shown).
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increases nutritional value with increased ferti-
lization, while the OPV accumulates N largely 
independent of fertilization. From a nutritional 
standpoint, the OPV is therefore indicated as a 
better food source also in nutrient-poor agri-
cultural regimes.
5.4.3 Grain micronutrient 
concentrations in commercial and 
open-pollinated varieties
The status of other nutrients recorded in grain 
samples was variable between treatments and 
maize varieties (Table 5.2). Apart from Ca, Ni 
and S, all other recorded nutrients were ob-
served to be higher in the OPV growing under 
control conditions and also in the MC plots, 
with the exception of Ca and Fe. The results 
for the GWC/ MC plots indicated the main nu-
trients with the exception of Ca, Fe, Mo and Ni 
were higher in the OPV of maize. As maize is 
also a source of essential minerals and the av-
erage consumption of maize per capita in Por-
tugal is 48 g day-1 (FAOSTAT, 2013), this por-
tion would provide 52% of females and 36% 
of males with their daily requirements of Zn 
if open-pollinated varieties were selected for 
(FAO and WHO, 2005). Current biofortifica-
tion goals in breeding programs set the target 
goals for Zn and Fe concentrations in kernels 
at 33 and 52 mg g-1, respectively (Hindu et al., 
2018), thus, kernels of the OPV even under un-
fertilized conditions achieve about 155% and 
62%, respectively, of these targets. In terms 
of trace elements, the average consumption of 
OPV maize would furthermore provide 35% 
of daily needs of Mo (34 mg) (Food and Nu-
trition Board, Institute of Medicine, 2000). In 
contrast, the commercial variety would yield 
less than 2% of daily requirements. What is 
more, heavy metals did not accumulate in the 
grain of the OPV, and levels for Ni recorded 
in samples were around 0.51 mg g-1, which 
would equate to 13.5% of the recommended 


























positive correlation = negative correlation = 
0.6 0.7 0.8
Open-pollinated variety
Figure 5.3 Nutrient Network between all macro- and micronutrients found in the maize kernels.
Nutrient Network, based on a matrix of spearman correlations (rs) between all macro- and micronutrients found in the maize 
kernels (dotted lines indicate negative correlation, full lines indicate positive correlations). White, grey or black lines indicate 
the strength of the relationship (0.6, 0.7 and 0.8, respectively), while the sphere sizes indicate the amount of existing relation-
ships (min = 0; max = 6), basis for the nutrient network was n = 13 for each variety.
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body weight (ESFA, 2015) in an average diet 
of maize. An analysis using a network plot 
and Spearman’s correlation matrix revealed a 
relationship between various macro- and mi-
cronutrients (figure 5.3). For instance, in the 
kernels of the OPV, macronutrients such as N, 
P, S and Mg were positively correlated with 
the micronutrients Mn and Zn, while Ni was 
negatively correlated with Fe, Mg and S. On 
the contrary, in the commercial variety, Ni was 
positively correlated with other nutrients, such 
as S, Mg, Na, Mn and Zn. Interestingly, in both 
varieties, no correlation was found between 
Zn and Fe, which is in accordance with Indian 
varieties, but in contrast to observations from 
African cultivars (Akinwale et al., 2016). The 
positive correlation between P and various mi-
cronutrients in the OPV was also found in sev-
eral maize varieties selected for biofortified 
crops, potentially indicating a co-selection of 
traits relevant for higher kernel nutrient accu-
mulation (Gu et al., 2015). Contrary to these 
positive correlations, the correlations between 
S and Mg with Ni are negative in the OPV, 
while being highly positive in the commercial 
variety. This is potentially problematic, as any 
accumulation of micronutrients in this variety 
would be accompanied by an increase in Ni.
While RV coefficients (figure 5.4) suggest a 
strong relationship between soil micro- and 
macronutrient concentrations and grain pro-
duction in both varieties, they also suggest that 
in the OPV, the micronutrient concentrations 
appear to be linked to plant traits, whereas, 
in the commercial variety these concentra-
tions were more closely associated with soil 
micronutrient concentrations. These results 
could suggest the selective breeding strategies 
for commercial maize favour nutrient up-take 
and grain yield at the expense of other traits 
(van Bueren et al., 2011). Thus, when grow-
ing these varieties under conditions of slow 
nutrient release, the genetic traits of the plant 
that dictate its eco-physiology are important 
considerations in strategies for sustainable ur-
ban agriculture. For example, the differences 
observed in our trials could be due to higher 
arbuscular mycorrhizal fungi (AMF) coloni-
zation rates in the OPV, which has been shown 
in other OPVs grown alongside commercial 
hybrids (Hess et al., 2005). If this were the 
case, it would also explain the observed dif-
ferences between the two varieties in the take-
up of Ni. The commercial variety accumulated 














Figure 5.4 RV-coefficient matrix of data matrices used in this 
work.
Schematic describing the relationships between two data ma-
trices each, sphere size shows similarity (RV-coefficients), 
with the light grey spheres indicating a similarity of 100%. 
Dark grey spheres indicate open-pollinated variety, white 
spheres commercial variety. Three asterisks: p < 0.001, two 
asterisks: p < 0.01, one asterisk: p < 0.05, square: p < 0.1, n 
= 13 per variety.
Plant Traits = Plant Height; Number of Ears; Grain weight; 
Vegetative Plant Weight; total grain C, N and P. 
Soil Macronutrients = Soil organic matter (SOM), soil car-
bonates, total C, N, P, K, Ca, S, Mg. 
Soil Micronutrients = Na, B, Mn, Zn, Fe, Cu, Mo, Ni, Cd, 
Pb, Cr. 
Grain Micronutrients = Concentration of B, Mn, Zn, Fe, Cu, 
Mo, Ni, Mg, Ca, S, Na, K, Al in grain.
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open-pollinated counter-part (table 5.2, figure 
5.3). While AMF colonization was not meas-
ured, this would be an interesting field for 
further research, as changes in Ni accumula-
tion has been reported after AMF colonization 
(Ramírez-Flores et al., 2017).
A multiple factor analysis (MFA) using data 
on grain nutrient concentrations and plant 
traits (figure 5.5, left) revealed again a strong 
distinction between the OPV and commercial 
variety. The first dimension (X axis), explain-
ing 41% of the total variance separated OPV 
and commercial variety, while the second 
dimension (Y axis), explaining 28% of the 
total variance, separated the different experi-
mental treatments, in which the control plots 
were distinct from the two treatments. This 
orthogonal statistical response further under-
lines that variety effect and treatment effect 
were independent, with varieties being clearly 
separated by grain nutrient content (52%) as 
well as C, N and P concentration and the num-
ber of ears per plant (46%) (figure 5.5, right). 
Accordingly, the nutrient status of the grain is 
linked primarily to plant variety, while indica-
tors of plant productivity, such as plant height 
and weight as well as grain weight per plant, 
are mainly related to the treatments applied. 
As development of multi-nutrient rich strains 
of maize is of utmost importance for the sus-
tainable nutrition of the global population 
(Jaradat et al., 2018), this pattern underlines 
the recently proposed selection of OPVs as a 
good way forward to achieve this feat (Pug-
lisi et al., 2018). Also, the clear, positive ef-
fect of both compost types on the yield of both 








































Figure 5.5 Multiple factor analysis (MFA) of variables related with the maize plants (n = 13 per plant variety). 
The three groups used in this MFA were:
Grain micronutrient content = B, Mn, Zn, Fe, Cu, Mo, Ni, Mg, Ca, S, Na, K, Al
Plant traits = plant height, plant weight, grain weight, number of ears, total C, N, P Factors = treatments, varieties
Left: Individual factor map, including the centroids of the varieties (crosses), the individual data points of open-pollinated 
(grey) and commercial (white) maize varieties and the treatment centroids in black (sphere = municipal compost, square = 
municipal compost and green waste mix, diamond = untreated soil)
Right: Correlation cycle of all variables used.
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maize varieties measured here, contributes to 
evidence from recently published work on the 
feasibility of using GWC in periurban farm-
ing (Eldrige et al., 2018). Lastly, as the GWC 
used in this project was derived from a locally 
invasive plant (A. longifolia) and had no ad-
verse effects on maize growth, e.g. similar re-
sponses than MC, these results add to recent 
work about its possible usage in agriculture or 
horticulture (Brito et al., 2015).
5.4.4 Conclusions
This study demonstrated that it is possible to 
cultivate a staple food crop (Zea Mays) with 
adequate yields (up to 8.3 t ha-1) in an urban 
setting, using only MC and GWC from nearby 
sources. As fertilization was based solely on 
soil amendments from composted food and 
green waste, this helps to achieve sustainable 
urban consumption patterns by recycling or-
ganic waste while increasing soil organic mat-
ter (up to 4 fold), thus mitigating GHG emis-
sions. Furthermore, comparing an OPV and a 
commercial maize variety, it was found that the 
former exhibits higher nutrient use efficiency 
and increased macro- and micronutrient con-
centrations without accumulating heavy met-
als. It was found that this effect was variety 
and not treatment dependent, which points to 
OPVs as potentially interesting candidates for 
biofortified staple crops. In conclusion, this 
work contributes to a growing body of scien-
tific evidence supporting alternative methods 
of intensive sustainable farming that can be 
adapted to urban landscapes.
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Plant invasions are a fundamental driver of 
global change (Simberloff et al., 2013). They 
are not only in themselves a major disrup-
tive element for ecosystems worldwide, but 
also serve as a point of interaction, connect-
ing the C, N and P (among many other) cycles. 
Furthermore, plants are the major primary 
producers of any terrestrial ecosystem, thus 
if, as is the case in Acacia spp. invasions, a 
diverse plant assembly is replaced by a plant 
monoculture, the effect necessarily needs to 
be profound (Mollot et al., 2017). Addition-
ally, invasive plants often benefit from human 
interference, while native ecosystems ex-
hibit negative responses (Lilley and Vellend, 
2009), thus ecosystems dominated by human 
presence are overrepresented as invaded sys-
tems on a global scale, which is especially the 
case for Acacia species (Gallien et al., 2019). 
Humans also directly alter other important bi-
ogeochemical cycles, so this calls for a holis-
tic view of plant invasion, which must neces-
sarily include the nutrient pools and fluxes of 
ecosystems (Hulme et al., 2009), especially if 
any one (or several) of the nutrients are limit-
ing for ecosystem functioning, as is often the 
case in Mediterranean ecosystems (Ulm et al., 
2017). 
6.1.1 Litter decomposition and its 
effects on SOM buildup
As shown in the first part of this work (chap-
ters 2 and 3), invasive Acacia species are pro-
lific ecosystem engineers, greatly increasing 
organic matter pools (figure 2.2, table 3.1) in 
various soil compartments (figure 6.1). These 
C pools are not fixed, but rather in constant 
flux as indicated by the elevated potential 
extracellular enzyme activity (EEA) values 
found in most of the invaders degrading tis-
sues when compared with native soil organic 
matter (SOM) pools (table 3.3). Increased 
potential organic matter (OM) turnover likely 
induces a situation of high C availability for 
local microbial communities, as indicated in 
chapter 3 by higher potential C turnover ca-
pacities in the invasives’ rhizosphere, roots 
and litter. However, while EEA values were 
in general higher in the soil compartments of 
the invasive legume, the pattern of enzymatic 
activity differs: The invasives’ litter exhibited 
only higher C-related EEA (table 3.3), while 
in its rhizosphere C, N an P-related EAA were 
all increased, compared to its native counter-
part. This is in line with a recent meta-analysis 
of invasive plant species’ effects on soil func-
tioning via distinct litter and rhizosphere path-
ways (Zhang et al., 2019). In their analysis, 
the authors found that is likely that invasive 
litter quantity and quality increases C avail-
ability and decomposer abundance, which 
would connect well to the higher C-related 
EEA observed here. Increased litter abun-
dance underneath A. longifolia was reported 
repeatedly (Marchante et al. 2008b, Hellmann 
et al. 2011), however, this was not found in the 
work presented here (chapter 3). While seem-
ingly contradictory, less observable litter could 
be related to higher turnover levels underneath 
the invader, which impede the buildup of lit-
6.1 Rhizosphere-litter-SOM interactions 
during the invasion process
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ter through rapid degradation. This would also 
explain the relatively high C:N levels found 
(table 3.1), which is unusual for invasive spe-
cies litter (Lee et al., 2017). As a result of rapid 
litter turnover easily available C might get de-
pleted by the high C-related EEA (table 3.3), 
leaving behind more recalcitrant OM. Indeed, 
this situation was found in a recent analysis 
comparing native litter with A. longifolia litter, 
with the latter exhibiting increasingly slower 
degradation rates along time despite its high 
N concentrations (Marchante et al., 2019). 
While this degradation could lead to the accu-
mulation of a recalcitrant litter layer, leached 
labile C in turn can be the precursor for micro-
aggregate stable OM in sandy soils (Puttaso 
et al., 2013), which is in accordance with the 
changes observed in the silt-clay SOM frac-
tion (figure 2.2). This stabilized SOM in the 
silt-clay fraction is therefore most probably 
of microbial origin, and the flow and resi-
dence times of C and N in this compartment 
are related to nutrient availability and original 
substrate quality (Cyle et al., 2016). Thus, if 
enough nutrients are available for microbial 
degradation of the litter layer, both the labile 
as well as the more recalcitrant OM pools can 
help to increase stable SOM (Cotrufo et al., 
2015), potentially delivering other benefits, 
such as nutrient and water retention. These ef-
fects are also positive for the native C. album 
plants, as indicated by their increased foliar N 
(figure 3.2). However, crucially, buildup of 
stable SOM occurs only very close to the in-
vasives’ own living biomass, for example next 
to small plants underneath the nursery shrubs 
(figure 2.2) as well the invasives’ rhizosphere 
(table 3.3), therefore it can be assumed that 
the any positive effects feed back far stronger 
on the invader itself than the native plants.  
6.1.2 Rhizosphere: Contributing the 
nutrients for SOM degradation?
The rhizosphere is known to be an impor-
tant hot spot of microbial activity, which is 
tightly connected to the input of labile C as 
well (Kuzyakov and Blagodatskaya, 2015). 
A. longifolia exhibits generally high growth 
rates, thus labile C input into its rhizosphere is 
likely, and additionally it has a strong capacity 
to fix N via its multiple symbiosis (Rodríguez-
Echeverría et al., 2007). The availability of 
C and N could explain the high EEA values 
in the rhizosphere (table 3.3), which further 
increase nutrient release, potentially through 
positive feedback loops between the rhizos-
phere and the litter layer (Subke et al., 2004). 
Furthermore, root exudates in the rhizosphere 
as well as the root mass itself may contribute 
to the buildup of stable SOM, even if not in di-
rect proximity to the rhizosphere (Angst et al., 
2016), which was indicated here by the strong 
association between belowground OM pools 
and the characteristics of the silt-clay fraction 
(table 2.3). Apart from the rhizosphere values 
themselves, also proxies, such as increased 
root N, indicate greater potential microbial C 
storage (Carrillo et al., 2014). If this C ends up 
as microbial biomass in the rhizosphere, it is 
likely to be of fungal origin, as most invasive 
species have a negative impact on bacterial 
populations (Zhang et al., 2019). This would 
also fit to the isotopic C signature of the silt-
clay fraction found here, which was more de-
pleted underneath the invasive (table 2.2) and 
potentially is a signal of higher fungal biomass 
(Kohl et al., 2015). While fungal biomass was 
not measured here, its presence would also fit 
to the observed N transfer to the native vegeta-
Chapter 6 -  General discussion Page 104
P
[1] Impacts C. album foliar:
15N













Up to 100 % cover
Very large seed bank






Increases: [1] Increases: roots and
rhizosphere biomass,
silt-clay fraction (< 63 µm) 
[1] In < 63 µm fraction:
Increases: 









Increases C. album foliar:
[2] Decreases C. album foliar:






















Figure 6.1 A. longifolia invasion in the dune system, known effects plus addi-
tional effects found here.
Known effects and effects found in the chapters of this work of A. longifolia on 
the dune system, separated into above- and belowground effects, as well as in 
“Initial invasion stage”, “Community scale impact” and “Long term invasion im-
pact”. Marked in red are effects found in the chapters of this work.
Fluxes: RES = basal respiration; Gla = β-glucosaminidase; Nit = nitrification
Pools: SOM = soil organic matter; SOC = soil organic carbon; SON = soil organic 
nitrogen; MIC = microbial biomass; Ninorg = NO3- and NH4
+; 
[1] Chapter 2;  [2] Chapter 3; ΣC = β-glucosidase (Glc) + β-xylosidase (Xyl) + 
β-glucuronidase (Glu) + cellobiohydrolase (Cel); β-1,4-N-acetylglucosaminidase 
(Nag) and acid phosphatase (Ap)  
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tion, as it was observed that fungal networks 
potentially play an important role in this pro-
cess (Teste et al.,2015). 
6.1.3 Belowground OM dynamics 
and the impact on N and P of the 
surrounding vegetation
Both N and C are being fixed from the atmos-
phere and are thus potentially limitless, while 
other nutrients, such as P, can potentially be 
depleted by plant growth along time, the so-
called “sink-driven P depletion” (Vitousek et 
al., 2010). Symbiotic N fixation is only very 
rarely constrained by P availability (Augusto, 
et al., 2013) thus the invasion of a woody leg-
ume, such as A. longifolia, potentially induces 
a worsening of P availability in an ecosystem 
already low in nutrients. As the available P 
gets taken up, P pools shift to the biotic com-
partment (figure 2.2). This shift is correlated 
with A. longifolia foliar P, but not with C. al-
bum foliar P (figure 2.3), indicating the inva-
sive species benefits more from the available P 
than the native. On the contrary, diminishing P 
is correlated with higher foliar N in C. album, 
an effect extending out into the surrounding 
vegetation (figure 3.4), potentially indicating 
higher systemic N availability coupled with 
a decrease in P. The impact of the legumes 
on the surrounding vegetation is also related 
to the legume root N concentrations (figure 
3.5), which is a proxy of microbial activity 
in the rhizosphere (Carrillo et al., 2014). In 
this compartment, C and N are readily avail-
able, while P is scarce, inducing competition 
between native and invasive plants for avail-
able P. Legume species can create “islands of 
N fertility” in N-limited ecosystems, which is 
also often well correlated with higher P avail-
ability (Rodríguez et al., 2011). While no dif-
ferences in available P were found between 
the native and the invasive legume (table 3.2), 
potentially this is also the case here, as indi-
cated by the increased Ap values (table 3.3) 
underneath the invasive canopy. However, 
the native vegetation does not seem to benefit 
from this P, adding A. longifolia to other Aca-
cia species that are known to be able to shift N 
and P co-limited systems to a stronger P limi-
tation (Sitters et al. 2013). A potential expla-
nation for the N/P imbalance induced might be 
related to the differential movement of N and 
P in the soil. While inorganic N, such as NH4
+ 
and NO3
- have been shown to be distributed 
around plant canopies in a sandy soil in a spa-
tially explicit manner, P does not (Rodríguez 
et al., 2009). Similar to observations in other 
ecosystems (e.g. Xia et al., 2015), fine-scale 
soil nutrient heterogeneity might be biotic 
driven and tightly connected to litter and root 
layers of the species observed, thus constrain-
ing nutrient availability in close proximity of 
the invader. A biotic agent that might be re-
sponsible for the nutrient distribution into the 
surrounding vegetation could be ectomycor-
rhizal fungi, as they are important for both N 
and P acquisition and A. longifolia is likely 
tapping into already existing ectomycorrhizal 
(ECM) networks (Carvalho et al., 2018). The 
primary dunes exhibit extremely low soil nu-
trient concentrations, therefore it is probable 
that all plants both scavenge (through root 
proliferation) as well as mine (through sym-
biotic fungi) for P (Lambers et al., 2008). An 
indication for the necessity of fungal mining 
of the soil for P are that most belowground 
OM exhibits C:P values far over 300 (table 
3.1), which indicates strong P immobilization 
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(Souza-Alonso et al., 2015). Thus, if min-
ing is of high local importance, the increased 
availability of C from OM input, together with 
an abundance of available N, could drive N 
and P dislocation through the extended ECM 
hyphal network. ECM fungi exhibit N and P 
values close to their host plants (Kranabetter 
et al., 2019) and they decrease and increase 
their biomass rapidly upon nutrient and water 
availability (Teste et al., 2016), thus it could 
be plausible that if a fungal A. longifolia part-
ner scavenges for P underneath C. album (or 
vice versa), the N (or P, respectively) stays un-
derneath the canopy in the form of dead fun-
gal biomass with N:P ratios similar to its host 
species, therefore “moving” P and N between 
plant species. While this hypothesis was not 
tested underneath C. album canopies sur-
rounding the legume plants, δ15N signatures 
of the silt-clay fraction under recently invaded 
C. album plants (table 2.2) are indicative of a 
strong legume influence in this compartment 
and as discussed in point 6.1.1 this fraction is 
quite likely of microbial origin. The invasive’s 
capacity to maintain high growth rates and 
therefore C sequestration would give its fun-
gal symbionts are clear advantage to continue 
scavenging, as C allocation comes at barely 
any cost to the host plant (Corrêa et al., 2012). 
Thus, assuming this dynamic exchange of P 
and N between islands of fertility (below plant 
canopies) is occurring, the invasive will nec-
essarily turn into a P sink and a N source over 
time, exacerbating an existing lack of soil P. 
Furthermore, due to its high phenotypic plas-
ticity, its symbiotic promiscuity and the posi-
tive plant-soil feedback loops, it maintains P 
flux into its own biomass, while accumulat-
ing N and C underneath its canopy, thereby 
engineering SOM islands and inducing the 
transition of a species-rich shrub ecosystem 
to a monoculture forest. These findings add to 
amounting evidence that invasive plants not 
only change ecosystem biodiversity, but also 
significantly impact plant-soil elemental com-
position and stoichiometry, especially in nutri-
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ent-poor environments (Sardans et al., 2016).
The effects described in chapter 6.1 are clearly 
detrimental to native ecosystems, as they dis-
rupt the prevalent nutrient balance, destroy ex-
isting niches and fundamentally transform the 
invaded system, resulting in a monocultures of 
little ecological value. However, if mimicked 
in the right situation, some of the same princi-
ples leading to ecosystem degradation might 
be channelled to help restore already degraded 
ecosystems, for example exhausted agricul-
tural soils. Using invasive woody legumes, es-
pecially the fast growing Acacia spp., for ag-
ricultural purposes is very controversial (e.g. 
Low, 2012 vs. Kull and Tassin, 2012). How-
ever, it is not a new idea and practiced in vari-
ous areas as a novel agroforestry system with 
success (e.g. Tassin et al., 2012). In Portugal, 
these kind of systems are presently unthink-
able, as Acacia spp are generally recognized 
as invasive species and their eradication prop-
agated by citizen science projects and public 
awareness campaigns (Marchante and March-
ante, 2016). It is also clear, however, that to-
tal Acacia spp eradication is presently impos-
sible and that new forms of management are 
needed (Souza-Alonso et al., 2017), as for ex-
ample the valuation of Acacia biomass by lo-
cal stakeholders. A potential solution to many 
challenges associated with Acacia biomass 
usage, such as phytotoxicity and seed disper-
sal, is to use its chipped biomass as feedstock 
for green waste compost (Brito et al., 2013). 
By degrading the biomass in this manner, a 
putatively well suited soil amendment can be 
produced, as shown earlier in pot-scale experi-
ments (Brito et al., 2015a) and here in a local 
scale agricultural setting in chapter 5. How-
ever, while some work has been done on char-
acterizing the composting process itself (Brito 
et al., 2013, 2015b), a detailed description of 
Acacia GWC effects in the soil is lacking, as 
is a test of Acacia GWC as a safe and useful 
agricultural soil amendment.
6.2.1 From natural degradation to 
green waste compost
The natural degradation process of A. longi-
folia biomass clearly leads to increased SOM 
levels, as was shown in many prior publica-
tions and confirmed as well in chapter 2 and 
3 of the work presented here. That this OM 
remains stable without continuous input from 
ongoing plant growth, however, was only re-
cently reported and is probably mainly con-
nected with its high lignin content (Marchante 
et al., 2019). This is in accordance with what 
was reported for the composted A. longifolia 
biomass (Brito et al., 2013) and points to a 
potentially stable OM, which is recommend-
able for a soil amendment. In agricultural 
soils there are many beneficial effects known 
for increased C and SOM levels, among them 
higher nutrient and water holding capacity, as 
well as improved soil structure and overall soil 
fertility and crop growth (Lal, 2004). While 
these effects are enabling organic agricultural 
systems to reach high levels of productivity, 
with yields comparable to conventional agri-
culture (Reeve et al., 2016), organic amend-
6.2 Composting A. longifolia biomass: 
Mimicry of its soil impacts?
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ments such as compost can also greatly benefit 
conventional agricultural systems with inor-
ganic nutrient input (Chen et al., 2018; Luo 
et al., 2018). An important issue for the usage 
of organic soil amendments is the mineraliza-
tion and the immobilization of N (Masunga 
et al., 2016). The determining factors for the 
immobilization or mineralization of N are 
the C:N ratio and degradability of the origi-
nal biomass and the soil microbial community 
(Bengtsson, et al., 2003). A. longifolia com-
post exhibited C:N ratios higher than 30 (point 
4.3.1) and thus above the empirical threshold 
(20 - 25) of N mineralization vs. immobiliza-
tion (Ceglie and Abdelrahman, 2014). In ac-
cordance with this observation, a clear NH4
+ 
and NO3
- immobilization was the found in the 
experiment conducted here (chapter 4) both 
for pure compost (CO) treatments as well as 
compost/litter treatments (CL) in comparison 
to soil without amendment (figure 4.1, before 
NH4
+ addition at day 73). While this immobili-
zation can be problematic in certain situations 
and time scales, as microorganisms compete 
with plants for available N (Inselsbacher et 
al., 2010), this process can also have various 
benefits, such as decreasing N2O emissions as 
well as net N loss through leaching (Reichel 
et al., 2018). It was found that GWC is es-
pecially well suited for that purpose by both 
decreasing N2O emissions and N immobiliza-
tion (Vaughan et al., 2011). In the experiment 
conducted here (chapter 4), NH4
+  was added 
after initial NH4
+  was used up to mimic fer-
tilization. This  NH4
+ rapidly got nitrified in 
all cases (figure 4.1, figure 4.4), however, 
NO3
- accumulation was high in the sandy ag-
ricultural soil, which is in line with other ob-
servations showing no, or very little microbial 
NO3
- immobilization by soil microorganisms 
(Shi and Norton, 2000). However, increasing 
C availability can increase microbial N im-
mobilization (Burger and Jackson, 2003) and 
indeed both GWC treatments exhibited lower 
net nitrification (figure 4.1), probably by im-
mobilizing large parts of NH4
+  in the micro-
bial biomass before nitrification could take 
place. Interestingly, the nitrification post NH4
+ 
addition correlated well with P availability 
(figure 4.2, figure 4.5), which was especially 
strong in the CL treatment. As a soil amend-
ment in a conventual agricultural situation 
with inorganic N fertilization this could be 
an important property, as CL application in-
creases P cycling and thus availability as well 
as N retention, while generally increasing soil 
health, as measured by an increment in Vmax as 
well as Km EEA values (figure 4.3). This in-
crease in soil EEA was found in other Acacia 
spp. compost types (Tejada et al., 2014) and 
increased N, C and P cycling upon addition of 
A. longifolia GWC is in accordance with ob-
servations from applications of other organic 
amendments, putatively leading to more plant 
available nutrients (Luo et al., 2018). These 
findings are important as they add evidence 
of potential benefits of GWC amendments in 
agricultural settings, however, they might also 
be interesting from an ecological perspective: 
Final litter quantity was low in the CL treat-
ments, (10 % litter in the compost and there-
fore 0.2 % in the soil mix observed in chapter 
4), but nevertheless a clear difference of the 
CL treatment vs. the CO treatment was ob-
served (figure 4.1, figure 4.2, figure 4.4). This 
implies that there must be a biotic effect of the 
Acacia litter, which is independent of its bio-
physical attributes and survives the hard con-
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ditions of the composting process. It is known 
that many microorganisms, such as pathogens, 
may survive the composting process (Jones 
and Martin, 2003), thus it is conceivable that 
for example phosphorus solubilizing bacteria 
or certain fungi survived the composting. In 
any case, the main difference of the CO and 
the CL treatment is an increased nitrification 
in the latter, connected with a higher P avail-
ability. Taken together with observations from 
chapter 2 and 3, these results could help to ex-
plain the effects seen in the native ecosystems, 
as the litter biota increase N leaching and P 
mineralization underneath the canopy of the 
invasive species, therefore helping to drive the 
N/P imbalance observed. Summarized from an 
agricultural point of view, the addition of litter 
to the A. longifolia biomass did not jeopardize 
GWC quality, did not yield viable seeds and 
might even introduce interesting characteris-
tics to the resulting soil amendment.
6.2.2 Living up to the reality test? An 
urban case study of Acacia longifolia 
green waste compost 
Chapter 4 was more concerned with the addi-
tion of A. longifolia GWC in a conventional 
agricultural setting, however, GWC applica-
tion should be seen in the wider context of 
an emerging change in the paradigm of agri-
cultural practice and food security. Rapid ex-
pansion of most cities intensifies peri-urban 
agricultural land loss (Seto and Ramankutty, 
2016) and increases the distance between 
sites of food production and consumption, 
therefore increasing greenhouse gas emis-
sions (GHG) and food waste (Bloem and de 
Pee, 2017). This food waste, together with 
organic matter from urban green spaces con-
stitutes the largest source of municipal solid 
waste (Reyes-Torres et al., 2018), which ends 
up in landfills, further diminishing nearby 
agricultural area (Adhikari et al., 2010). Ad-
ditionally, landfills are invasive species hot-
spots, and Acacia spp. are among the species 
often found to spread in and around landfill 
sites and rubbish dumps (Plaza et al., 2018). 
Thus, producing GWC from invasive Aca-
cia spp. and using it in urban and peri-urban 
agriculture follows recent UN recommenda-
tions of working with local waste streams to 
foster circular economies and enable higher 
food sovereignity of urban populations (UN 
Environment, 2019). If, as shown in chapter 
5, only locally sourced biomass is used with-
out the application of inorganic fertilizer and 
if reusable (open-pollinated) crop varieties are 
used, the (urban) agricultural exploration is 
essentially independent of any outside inputs, 
thus paving the way for more sustainable local 
food networks (Sondermann et al., 2016). To 
that end, the yield values found in the experi-
ment reported in chapter 5 (figure 5.1) make 
clear that in an organic agricultural setting A. 
longifolia GWC can at least in parts substitute 
nutrient-rich compost, like municipal com-
post. What is important to note in this context 
is that it is nearly impossible to achieve these 
compost loads in a normal agricultural situa-
tion covering hectares of cropping fields. The 
quantities used as soil amendments in chapter 
5 were more similar to their usage as the sole 
substrate (ca. 50 % , e.g. Brito et al., 2015 a), 
rather than a soil amendment, which would be 
closer to 2 % as described in chapter 4 (e.g. 
Tejada et al., 2014). Indeed, the SOC levels 
achieved in this experiment are already in the 
upper range, or even surpassing (table 5.1), 
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the so-called SOC stabilization level of 7.8 % 
(O’rourke et al., 2015). However, considering 
that SOC might stabilize only in time scales 
of 20 to 60 years in agricultural soils (West 
and Post, 2002), it is unlikely that the stabi-
lization point is already reached. Thus, as in-
vasive species exhibit continuos rapid growth 
and are still introduced regularly in urban hab-
itats (Potgieter et al., 2019), this amendment 
regime seems to be feasible to maintain over 
longer time scales. Even with these high com-
post application levels, there were no negative 
consequences found on maize kernel nutri-
tional status by A. longifolia GWC application 
(table 5.2). Furthermore, from a nutritional 
standpoint, the plant background seemed to be 
far more important than the soil amendment 
used, as all data shows clear variety depend-
ent effects that were independent of soil treat-
ments (table 5.2, figure 5.2, figure 5.4, figure 
5.5). Especially in terms of heavy metal pol-
lution, this observation is of great importance, 
as GWC application can in some cases lead 
to higher heavy metal leaching from already 
contaminated soils (Beesley and Dickinson, 
2010), thus potentially making heavy metals 
more available to plants. In the experiment 
conducted here, the heavy metal concentra-
tion was low in general and was further di-
luted by the addition of A. longifolia compost 
(table 5.2). This is accordance with composts 
made from heavy metal loaded sewage sludge 
with Acacia dealbata biomass (Tejada et al., 
2014), which showed an improvement of soil 
health. While this could be connected solely 
to the GWC addition, it might also be related 
to the interaction of the OPV with soil mi-
crobial activity, like arbuscular mycorrhizal 
fungi, which can selectively exclude heavy 
metals before plant uptake (Ramírez-Flores et 
al., 2017). Higher mycorhizal colonization is 
likely, as OPVs of maize are generally more 
prone to symbiotic relationships (Hess et al., 
2005),  especially darker OPVs (as the variety 
used here) under medium level P availability 
(Sangabriel-Conde et al., 2015). The result-
ing low levels of heavy metal pollution in the 
maize kernels, together with accumulation of 
micronutrients important for human health, 
such as zinc (table 5.2), makes the OPV used 
here a good choice for urban organic agricul-
ture. Thus, from the perspective of using A. 
longifolia compost in agricultural settings, the 
benefits clearly outweigh known risks of com-
post application, such as heavy metal pollution 
and food chain contamination (Sharma et al. 
2019). As, relatively speaking, urbanization is 
especially strong in Mediterranean areas (Val-
entini et al., 2017), the prospect of using A. 
longifolia as a soil amendment is very prom-
ising in this circumstances. Indeed, adding to 
earlier findings about compost application in 
urban soils, which described application rates 
of compost up to 1/3 of the soil volume (Cog-
ger, 2005), even very high application rates 
(ca. 50% v/v) were found to be beneficial for 
maize growth, thus opening up the possibility 
to increase SOM, soil quality and crop produc-
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tion at the same time.
This work was concerned with the effects of 
the invasive leguminous A. longifolia on soil 
biomass and nutrient turnover, both in situ as 
well as when using its composted biomass as 
an agricultural soil amendment. 
Many indicators found in chapters 2 and 3 
point to increased soil N and P cycling as well 
as a high nutrient use efficiency as the basis 
for the remarkable growth rates of the invasive 
and thus its impact on the surrounding vegeta-
tion. Even in early invasion stages it impacts 
soil functioning, for example by increasing the 
silt-clay fraction of the sandy dune soil, with 
potentially beneficial effects. In both case 
studies presented here, there was no indication 
that native species do not benefit from these 
soil changes. Rather, it could be the localized 
nature of soil impacts (close to the invasives’ 
own roots) that are more beneficial to the in-
vader than the native plants, as well as second-
ary effects, such as increased competition for 
phosphorus, that are detrimental to the native 
ecosystem in the long run. 
In accordance with these observations, the 
application of composted A. longifolia bio-
mass showed no detrimental effect on maize 
growth. On the contrary, both laboratory scale 
soil manipulation with this compost as well as 
the addition of large amounts of compost in an 
urban agricultural setting increased soil organ-
ic matter concentrations and nutrient turnover, 
while in the latter case additionally benefit-
ting maize growth. However, these findings 
now need to be corroborated in a larger field 
scale trial and the effect of A. longifolia com-
post needs to be evaluated for several growing 
seasons to examine if there could be a buildup 
of potentially phytotoxic compounds or other 
detrimental effects. Futhermore, it is impera-
tive to construct a simple and precise tool, such 
as an allometric biomass model, to estimate A. 
longifolia biomass in the field as to give local 
stakeholders the capability to assess if cutting, 
chipping, composting and subsequent applica-
tion in the field is economically viable for the 
benefits it brings. 
Lastly, from a conservation and fundamental 
research perspective, there is still the need to 
understand if the effects of A. longifolia (and 
to a certain extend S. spectabilis) found on C. 
album are similar for other dune species and 
in other regions of the globe. This assessment 
would give insight into the potential eutrophi-
cation of the dune system by the woody legume 
invader, adding to evidence of long-lasting 
effects on soil level even after aboveground 
biomass is removed. Also, as the dunes are 
very oligotrophic in nature, these observations 
could also help to answer some more funda-
mental questions about plant co-existence: up 
to what point the species found here do rely 
on each other, for example through mycorrhi-
zal networks, which might be manipulated by 
plant invasion to change ecosystem function-
6.3 Conclusion
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ing.
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